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Foreword
During the period 1836-1839, Charles Thomas Jackson conducted the first comprehensive, government-funded survey of the geology of the state of Maine. As part of our commemoration of the 150th anniversary of that monumental undertaking, the Maine Geological
Survey is publishing Studies in Maine Geology, a series of 6 volumes which cover a broad
spectrum of geological investigations. The response to our initial call for papers was overwhelming not only in number, but also in the quality of contributions, which would have
been well received by professional journals. I appreciate the efforts of each contributor
in ensuring the success of these volumes.
Many issues have challenged the geologic community since the time of that first survey .
Jackson was charged with the seemingly insurmountable task of surveying the geology
of the entire state over a period of 3 field seasons without the aid of accurate maps or
modern equipment. One of the main objectives of his work was to assess the potential
for mineral deposits, coal, and building materials in this unexplored territory. In the latter
part of the 19th century the geological issues of the state concerned sources of dimension
stone and pegmatite gemstones. During this period, the gold and silver rushes accelerated
the pace of geologic exploration in Maine, causing a short-lived metal-mining boom. In
the first half of the 20th century and with the advent of two world wars, the need for "strategic minerals" once again stimulated geologic investigation. The economic downturn in
the domestic minerals industry of the past few decades has reversed and interest in exploration and extractive commodities is once again rapidly gaining ground in the state.
Today, a growing environmental awareness has led to a concern for protecting our
resources, both now and in the future. Geologic information provides the basis for a multitude of decisions aimed at confronting the complex problems of modern society. Primary
issues are those of ground water resources and contamination, coastal development and
shoreline protection, and the disposal of nuclear wastes in geological repositories.
To meet the changing and expanding needs of the state over the past century and a half,
the Maine Geological Survey has been under the auspices of many different government
departments, culminating in its current position within the Department of Conservation.
Since Jackson's time, the survey has expanded from essentially a one-man agency to include full bedrock and surficial geology, marine geology, hydrogeology , and cartographic divisions. In spite of the changes in issues and manpower, one of the primary objectives
of the Maine Geological Survey has remained unchanged since Jackson's time: to provide
the public with the highest quality information about the geology of the state of Maine.
These volumes meet the challenge of that objective.

Walter A. Anderson
Director and State Geologist
Maine Geological Survey
DEPARTMENT OF CONSERVATION
Augusta, Maine

Acknowledgments
Studies in Maine Geology began as a project to commemorate 150 years of geologic
investigation in Maine. The original intent was to assemble a volume of papers which
summarized our current understanding of all aspects of the geology of Maine. As word of
the project spread, however, the volume grew into a six-volume set centered around three
broad subject categories: structure and stratigraphy, igneous and metamorphic geology, and
Quaternary geology.
The publication of a project of this size involves the time and goodwill of a great many
people. The editors thank Marc Loiselle who initiated the project and contacted the authors.
The illustrations and manuscript assembly were done by the Cartography and Infonnation
Services Division of the Maine Geological Survey. Additional editorial assistance was
provided by Steve Dickson, Woody Thompson, Tom Weddle, and John Williams. Particular
thanks are given to Ben Wilson, John Poisson, Bob Johnston, and Steve Jacques who drafted
many of the illustrations and to Cathy Stultz and Cheryl Fiore who typed and corrected the
manuscripts. We also wish to thank the geologists who willingly undertook the task of
reviewing the manuscripts.

Scientific Reviewers
Richard N . Abbott
Michele L. Aldrich
John N. Aleinikoff
William I. Ausich
Fred Barker
Daniel S. Barker
Patrick J. Barosh
M. Jacques Beland
Daniel F. Belknap
Henry N. Berry IV
Francis S. Birch
Gary M. Boone
Harold W . Borns, Jr.
Wallace A. Bothner
Arthur J. Boucot
Dwight C. Bradley
Julie Brigham-Grette
F. William Cambray
C. Page Chamberlain
Lindgren L. Chyi
J. Michael Clinch
Steven M. Colman
Pierre A. Cousineau
John W. Creasy
James L. Cullen
Michael F. Diggles
William E. Doll

G. Nelson Eby
Gordon B. Fader
Roy L. Farnsworth
Duncan M . FitzGerald
Leslie R. Fyffe
Olcott Gates
Henri E. Gaudette
Robert F. Gerath
Richard A. Gilman
Richard P. Goldthwait
Charles V. Guidotti
Lindley S. Hanson
Matthew Heizler
J. Christopher Hepburn
0. Don Hermes
David A. Hewitt
Malcolm D. Hill
John P. Hogan
Michael J. Holdaway
William R. Holland
Arthur M. Hussey II
Andrew J. Hynes
J. Steven Kite
Edward Laine
E. Melanie Lanctot
Helen Lang
Pierre J. Lesperance

Marc C. Loiselle
Thomas V. Lowell
Allan Ludman
Jim Luetgert
Daniel R. Lux
John B. Lyons
Thomas J. Malterer
Lawrence C. Matten
Y. T. Maurice
Gregory J. McHone
Garry D. McKenzie
Robert L. McMaster
Calvin F. Miller
Robert H. Moench
R. Damian Nance
Thomas Nichols
Jackson Odum
Robert N. Oldale
William J. Olszewski
Philip H. Osberg
James K. Otton
Tom L. Phillips
Steven R. Pinette
Stephen G. Pollock
Thomas L. Potter
Ross D. Powell
A.G. Pronk

ii

Douglas W. Rankin
Robert Raymond, Jr.
John B. Reid, Jr.
Michael J. Retelle
John C. Ridge
Peter S. Rosen
Martin E. Ross
David C. Roy
Arthur A. Ruitenberg
Donald F. Sangster
Matthew Scott
Allen A. Seamen
Carol Simpson
James W. Skehan
John F. Slack
Geoffrey W. Smith
Dale A. Springer
Ralph Stea
George C. Stephens
David B. Stewart
Peter Stringer
John R. Suter
Mark T. Swanson
Spencer R. Titley
Walter E. Trzcienski, Jr.
Allan B. Tanner
David L. Westerman

Contents

Foreword

.. ..

.i

Acknowledgments

ii

A stratigraphic synthesis of eastern Maine and western New Brunswick
Henry N. Berry, IV and Philip H. Osberg

.I

Hurricane Mountain Formation melange: description and tectonic significance
of a Penobscottian accretionary complex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Gary McG. Boone, David T. Doty, and Matthew T. Heizler
The Depot Mountain Formation: transition from syn- to post-Taconian basin
along the Baie Verte-Brompton line in northwestern Maine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 85
David C. Roy
Sedimentary facies and tectonic interpretation of the Lower Devonian
Carrabassett Formation, north-central Maine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
Lindley S. Hanson and Dwight C. Bradley
Silurian roundstone conglomerates of coastal Maine and adjacent New Brunswick . . . . . . . . . . . . . . . . . . . . . 127
Olcott Gates
Polyphase deformation in the Penobscot Bay area, coastal Maine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
John P. Kaszuba and Carol Simpson
Multiple folding in south-central Maine
Christopher Mulry

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

Thrust and strike-slip faults near Jackman, Maine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
Robert G. Marvinney
Geologic and geomechanical properties of the Mount Waldo granite, Maine . . . . . . . . . . . . . . . . . . . . . . . . . 187
Fitzhugh T. Lee and Sharon F. Diehl

Ill

Maine Geological Survey
Studies in Maine Geology: Volume 2

1989

A Stratigraphic Synthesis of Eastern Maine
and Western New Brunswick
Henry N. Berry IV
Department of Geology and Geography
University of Massachusetts
Amherst, Massachusetts 01003
Philip H. Osberg
Department of Geological Sciences
University of Maine
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ABSTRACT
Lower Devonian and older strata from Portland, Maine to Saint John, New Brunswick and 150 miles inland
are divided into nine northeast-trending lithotectonic belts based on their internal stratigraphy. Provincial
Cambrian fauna of Old World affinity are present in the Saint John belt; Arenigian to Llanvirnian fauna of the
Celtic province are present in the northern Maine and Miramichi belts; Caradocian brachiopods of the Benner Hill
belt are disputedly either Old World or undiagnostic; and Pridolian to Gedinnian fauna have Old World affinity in
the Ellsworth belt and North American affinity in the Miramichi and northern Maine belts. For all belts and ages
other than these, fossils are either absent or not diagnostic of biogeographic province.
The following stratigraphic interpretations are proposed. Ellsworth belt: the Ellsworth and Queen Brook
Formations are correlative and pre-Silurian. The Llandoverian Quoddy Formation is equivalent to unnamed units
near Sagwa, at Ketchum Brook, and at the eastern end of the belt. All rest disconformably across the Queen Brook
Formation, Cambrian sandstones, and volcanic rocks possibly equivalent to the Precambrian Coldbrook Group.
Islesboro-Rockport belt: the three sequences, separated by unconformities, are (1) retrograded Precambrian schist,
marble, and amphibolite, (2) the Islesboro sequence, and (3) polymictic conglomerate, gray sandstone and phyllite.
St. Croix belt: the upper Jam Brook Formation, with basal polymictic conglomerate, may represent the base of the
Megunticook Formation, both of which are faulted. The lower Jam Brook Formation may be Precambrian. Casco
Bay - south-central Maine belt: Cushing Formation and Casco Bay Group contain pre-Ashgillian rocks in a faulted
anticlinal inlier. The Passagassawakeag Gneiss, at the northeastern end, may contain high-grade equivalents of the
Casco Bay Group. The inlier is unconformably overlain by the Macworth and Hutchins Corner Formations at the
base of the Ashgillian(?)-Gedinnian central Maine cover sequence. The Appleton Ridge Formation may be
Devonian. Fredericton belt: this belt includes Silurian strata on both sides of the Fredericton fault. The Pocomoonshine Lake Formation, against the St. Croix belt, may be Lower Devonian rather than Cambrian(?). Miramichi
belt: widespread Cambrian(?) sandstone and slate is capped by Lower Ordovician black slate, which is unconformably overlain by Middle Ordovician volcanic rocks, slate, limestone, chert, and iron formation with complex facies
relationships. Northern Maine belt: black slate and melange above the Grand Pitch Formation is equated with the
Lower Ordovician Chase Brook Formation to the northwest. They are unconformably beneath rocks ranging from
the Arenigian Shin Brook Formation to the Caradocian Chase Lake Formation. Other interpretations for these
belts and the remaining Saint John and Benner Hill belts generally follow previous workers.

H. N. Berry IV and P.H. Osberg

Many age assignments are uncertain, but the following relationships are inferred. Precambrian: there are no
reasonable equivalents for the middle Proterozoic Green Head Group of the Saint John belt. The lower Jam Brook
Formation is similar to the Islesboro sequence. Other correlations are uncertain. Cambrian: Cambrian strata of
the Saint John, Ellsworth, Islesboro, and St. Croix belts are correlated, and Cambrian rocks of the northern Maine,
Miramichi, and less confidently, Casco Bay belts are correlated. Tremadocian-Caradocian: Lower Ordovician
black shales, many graptolitic, are present in the Saint John, St. Croix, Miramichi, and northern Maine belts,
suggesting that they were covered by a continuous black sheet in the Early Ordovician. Heterogeneous, volcanic-rich
Llanvirnian-Caradocian sections in the northern Maine, Miramichi, and Casco Bay - south-central Maine belts are
correlated, but contemporaneous(?), volcanic-poor, Ellsworth belt rocks might not correlate. Ashgillian-Ludlovian:
thin, relatively shallow-water, elastic sections present around the pre-Ashgillian inliers in the northern Maine belt,
and in the Miramichi, St. Croix, and Ellsworth belts, are areally restricted and cannot be correlated between belts.
Thick, deeper-water sections in the northern Maine, Casco Bay - south-central Maine, and Fredericton belts,
however, are similar and correlation is proposed. Pridolian-Gedinnian: volcanic and sedimentary rocks of the
northern Maine and Miramichi belts correlate, and are North American. Similar rocks in the Ellsworth belt have
Old World affinity and correlation is precluded. Siegenian-Emsian: proposed correlation of the Carrabassett,
Seboomook, Appleton Ridge, and Pocomoonshine Lake Formations suggests Lower Devonian flysch overspread at
least the Fredericton, Casco Bay - south-central Maine, and northern Maine belts.
Two equally plausible tectonic models arise. In one, all the belts belonged in the Cambrian to the Celtic
archipelago at the western edge ofGondwana. In the late Cambrian-earliest Arenigian, the Eastern lapetus, between
the Celtic archipelago and the Chain Lakes terrane, closed along a west-dipping subduction zone, culminating in
the Penobscottian orogeny. From Llanvirnian to Caradocian time, the Western Iapetus, between the Chain
Lakes-Celtic archipelago terrane and North America, closed along an east-dipping subduction zone. Taconian
back-arc spreading, recorded by Caradocian volcanic rocks in the Miramichi belt, continued rifting into the Silurian,
creating the Kronos Ocean. In the late Silurian, the Kronos began to close by subduction, predominantly westward
to produce the volcanic rocks of the northern Maine belt, but intermittently eastward beneath the Ellsworth belt of
the Avalon terrane. A blanket of Siegenian-Emsian flysch was deposited westward in front of the approaching
Avalon until the late Emsian-Givetian Acadian orogeny.
In the alternative tectonic model, the Kronos Ocean existed from the Cambrian to the Early Devonian, between
the northern Maine, Miramichi, Casco Bay - south-central Maine, and Fredericton belts of the Celtic archipelago
on one side and the eastern belts of Gondwana on the other.

INTRODUCTION
Stratified Lower Devonian and older rocks of eastern Maine
and western New Brunswick can be divided into lithotectonic
belts as shown in Figure I. We have identified the Saint John,
Ellsworth, Islesboro-Rockport, Benner Hill, St. Croix, Casco
Bay - south-central Maine, Fredericton, Miramichi, and northern
Maine belts. In general, the lithostratigraphy within each belt is
reasonably well known, and in most belts a few fossils roughly
constrain the chronostratigraphy. But how the belts are related
to each other is an important question. Possible answers range
between two extreme models: (I) every belt represents a different terrane which evolved for at least part of its history
independently of the other belts, and (2) all belts are stratigraphically related, and differences reflect sedimentary facies and
deformational, metamorphic, and igneous effects superimposed
on the belts during orogenesis.
We have taken the view that a lithotectonic belt contains a
coherent stratigraphy and encompasses only those regions for
which the local stratigraphic names are applicable or to which

2

they can be confidently extended. This procedure maximizes the
number of lithotectonic belts, and our task is to use the techniques of terrane analysis as outlined by Jones et al. (1983) to
investigate the connections between them. In this regard, because of the importance of fauna! diversity, we will first discuss
fauna] provinciality. We will then define the boundaries of the
Iithotectonic belts and describe their internal stratigraphic
relationships. Finally, we will discuss permissible connections
between belts and tectonic events that can explain the juxtaposition of lithotectonic units.
All of the lithotectonic belts were deformed and metamorphosed during the Acadian orogeny, although some of the belts
may also contain tectonic elements produced in earlier events
(Penobscottian, Taconian) and later events (Alleghenian). Posttectonic Devonian plutons seal most boundaries, and slightly
deformed or undeformed Middle Devonian to Carboniferous
sedimentary rocks cover many belts (Fig. 1), so the major
tectonic elements appear to have been in place since the

Stratigraphy of eastern Maine and western New Brunswick
Devonian. Even so, the faults that bound most lithotectonic belts
at the present level of erosion have uncertain ages and amounts
of motion across them. Their role in the assembly of the region
is at issue. We believe that most faults presently mapped were
active late in the tectonic history, and that, by offsetting unconformities or preexisting tectonic boudaries, they obscure the
original relationships between adjacent belts. Because of the
possibly repeated and complex motion along these faults, as well
as in many cases their unknown three-dimensional geometry, it
is difficult to restore the rocks to their pre-fault relationships.
Instead, we have chosen to assess the significance of these
boundaries by comparing the rocks of the belts themselves. No
rock unit or stratigraphic sequence can be mapped continuously
across the region. Therefore, proposed correlations and facies
relationships between strata exposed in different belts depend on
similarities in lithologies, stratigraphic sequence, and fauna!
elements.

FAUNAL PROVINCIALITY
Fauna! provinciaJity is shown by symbols in Figure 2.
North American, Celtic, Old World, and cosmopolitan fauna!
associations have been specified. Symbol type indicates the
provinciality, and symbol position in the stratigraphic column
indicates the age of the fossils.
Cambrian fossil s have been reported from the Saint John,
Ellsworth, and northern Maine belts. Fossils of the Saint John
belt have an Old World affinity (Palmer, 1971; North, 1971 ), and
because the fossils in the Cambrian of the Ellsworth belt are
similar (Yoon, 1970), they are also regarded as Old World.
Oldhamia in the northern Maine belt is cosmopolitan.
Fossils recovered from Tremadocian rocks in the region,
primarily graptolites, are found in the Saint John, St. Croix, and
Miramichi belts. In addition, Caryocaris in the northern Maine
belt suggests a Tremadocian age, and conodonts from the same
formation suggest a slightly younger age. In the Tremadocian,
North America is thought to have been equatorial and the Old
World was at high latitudes (Cocks and Fortey, 1982).
Tremadocian graptolites from the Saint John belt have not been
studied from the point of view of provinciality. Graptolites from
the St. Croix and Miramichi belts are identical (Fyffe et al.,
1983), and John Riva (pers. commun., 1989) has indicated that
these forms are known in Scandinavia, but not in North America
outside of the Appalachians. These graptolites are deep-water
forms, however, and should have equal opportunity to appear on
both sides of an ocean, if it were not for latitudinal differences.
The provinciality of Caryocaris is unknown, but the conodonts,
like the graptolites, are deep-water forms (J. E. Repetski, pers.
commun. to B. A. Hall, 1983). None of these Tremadocian
fossils differentiate continents.
Arenigian to Llanvirnian fossiliferous rocks have been
reported in the Saint John, Miramichi, and northern Maine belts.
Arenigian fossils in the northern Maine and Miramichi belts have

been assigned to the Celtic province (Neuman, 1984), which is
characterized by having stronger affinities to Old World than to
North American fauna, yet is distinct from both. Llanvirnian
fossils in the northern Maine and Miramichi belts, and Arenigian
fossils in the uppermost part of the Saint John Group are not
diagnostic with regard to province.
Fossiliferous rocks of Llandeilian to Ashgillian age are
found in the northern Maine, Miramichi, and Benner Hill belts.
Brachiopod assemblages from the northern Maine belt have a
North American aspect (Neuman, 1984), but conodonts and
graptolites of this age in the northern Maine and Miramichi belts
have not been used to identify fauna! province. The provinciality
of deformed brachiopods from the Benner Hill belt is disputed.
Boucot et al. ( 1972) and Boucot ( 1973) interpreted them to be
Old World, but Neuman (1973) thought their deformed condition, along with a possibly incomplete assemblage, invalidated
such a conclusion. Because of the regional importance of this
fossil locality, we believe a concerted effort should be made to
find additional fossils in the Benner Hill belt which would
establish its fauna! affinity.
Ashgillian fossils from the northern Maine belt have been
interpreted to indicate environmental diversity within the North
American province (Neuman et al., in press).
Fossil assemblages of Llandoverian through Wenlockian
age are found in the Ellsworth, Casco Bay - south-central Maine,
Miramichi, and northern Maine belts. These fossils are cosmopolitan within the Appalachian-Caledonide mountain belt
(Cocks and McKerrow, 1977).
Provincial communities were re-established in latest Ludlovian to Pridolian time and persisted well into the Early
Devonian. Fossiliferous rocks of this age occur in the Ellsworth,
St. Croix, Miramichi, and northern Maine lithotectonic belts.
Both brachiopods (Johnson, 1979) and ostracodes (Berdan,
1970, 1971; Martinsson, 1970; Brookins et al., 1973; Copeland
and Berdan, 1976) indicate that the Ellsworth belt contains Old
World assemblages. Brachiopods from the Waweig Formation
in the St. Croix belt (Pickerill, 1976) have not been studied from
the point of view of provinciality, but because this assemblage
is almost identical to those of the Leighton and Hersey Formations in the Ellsworth belt, it implies that the St. Croix belt also
belongs to the Old World province. On the other hand,
brachiopod assemblages from the Hartin Formation in the
Miramichi belt (A. J. Boucot, pers. commun. to D. V. Venugopal,
1978 and 1979) and from the Seboomook Formation in the
northern Maine belt (Boucot, 1968) have North American affinities.

LITHOTECTONIC BELTS
General Statement
The geology and the distribution of lithotectonic belts
shown in Figure I agree largely with maps presented by Ruitenberg et al. (1977), Ruitenberg and McCutcheon ( 1978, 1982),
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McCutcheon (1981), Osberg et al. (1985), Fyffe and Fricker
(1987), and Ludman (1987). The Saint John, Islesboro-Rockport, and Benner Hill belts contain only pre-Silurian strata, while
the Ellsworth, St. Croix, Casco Bay - south-central Maine,
Miramichi, and northern Maine belts include pre-Silurian rocks
together with Late Ordovician to Early Devonian cover sequences.
The metamorphic grade over most of the region is
greenschist, with lower grades to the north and east. West of
Penobscot Bay, in the Islesboro-Rockport, Benner Hill, and
Casco Bay - south-central Maine belts, the intensity increases to
the upper amphibolite facies (see Guidotti, 1989). To emphasize
stratigraphic relationships, some metamorphosed rocks are
described here in terms of their sedimentary protoliths where
they are easily inferred.
Figure 2, which graphically portrays the stratigraphic
columns, is designed to accompany the following descriptions.
Names of places and structural features cited in the text are
shown in Figure 3.

Saint John Belt
Location. The Saint John belt lies in southern New
Brunswick along the Bay of Fundy coast (Fig. 1). Carboniferous
conglomerates and sandstones rest unconformably along its
eastern margin. Conglomerates, sandstones, and shale of Carboniferous age, and volcanic rocks of uncertain age are in thrust
contact with part of its southern border. On the northwest, it is
bounded partly by the Belleisle fault, and partly by a fault slice
containing Silurian volcanic rocks southeast of the Belleisle fault
(Fig. 3).
Stratigraphic Relationships. Precambrian platformal sediments (Fig. 2, col. 1) of the Green Head Group (Hayes and
Howell, 1937; Alcock, 1938) are divided into the Ashburn Formation, dominated by carbonates with lesser quartzites and
argillites, and the Martinon Formation, consisting of thick calcareous and quartzose conglomerates overlain by interbedded
argillite and quartzite (Ruitenberg et al., 1979). Stromatolites
from the Ashburn Formation suggest an approximate age of
Neohelikian (Hofmann, 1974). Recent investigations suggest an
unconformity may separate the Martinon from the Ashburn
(McCutcheon and Ruitenberg, 1987). The Green Head Group is
more deformed and considered older than the Coldbrook Group
(Alcock, 1938), although the inferred unconformity is
everywhere faulted and has not been observed (Ruitenberg et al.,
1979).
The Coldbrook Group (Fig. 2, col. 1) can be divided into
three northeast-trending belts, each with its own internal lateral
and vertical facies changes, described in detail by Ruitenberg et
al. ( 1979). A bimodal suite of mafic and felsic volcanic flows,
crystal and lithic tuffs, and volcanic breccias dominates the
western and central belts, whereas the eastern belt is composed
mostly of volcanogenic sedimentary rocks and water-laid tuffs
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with lesser intercalated flows. The Coldbrook Group is thought
to be Hadrynian, from field relations and a few wide-ranging
isotopic age determinations (Cormier, 1969; Stukas, 1977;
Olszewski and Gaudette, 1982).
Fossiliferous Cambrian through Early Ordovician rocks of
the Saint John area have been studied for over a century (Matthew, 1863, 1897, 1898; Bailey and Matthew, 1872; McLeam,
1915; and many others). Stratigraphy of the Saint John Group
was presented by Hayes and Howell (1937) and Alcock (1938)
and revised by Pickerill and Tanoli (1985). An Eocambrian
sequence of conglomeratic redbeds containing feldspathic and
volcanic clasts has recently been identified at the bottom of the
section (Currie, 1984; Tanoli et al., 1985). The Saint John Group
rests disconformably across the Eocambrian sediments and the
Coldbrook Group. The Lower Cambrian Ratcliffe Brook Formation (Fig. 2, col. 1) consists of a basal pebble conglomerate
overlain by interbedded maroon and green sandstones, shales,
and conglomerate. Next, the Glen Falls Formation is divided
into a lower coarse grained, locally conglomeratic white
sandstone and an upper, thin, coarse grained, black sandstone.
Above the Glen Falls Formation are thickly bedded gray
sandstones and brown-weathering gray shale of the Hanford
Brook Formation.
At the base of the Middle Cambrian Forest Hills Formation
(Fig. 2, col. 1) is a one- to two-meter thick siliceous limestone
overlain by gray shales, most of which are "literally filled with
fossils" (Hayes and Howell, 1937, p. 73). Thinly bedded, gritty
black shale is higher in the formation, and the upper part consists
of dark gray shales, thin sandstone beds, and thinly bedded black
shales with dark gray limestone lenses.
The Upper Cambrian Kings Square Formation (Fig. 2, col.
1) is a thick succession of interbedded gray shales and massive
sandstones, commonly with scattered limestone lenses and
nodules. The Silver Falls Formation, also Upper Cambrian,
consists of dark gray to black shales with some interbedded thin
sandstones and limestone concretions.
Early Ordovician rocks of the Reversing Falls Formation
(Fig. 2, col. l) are thinly bedded, sulfidic, carbonaceous, black
shales with Tremadocian and Arenigian graptolites.
No strata between Arenigian and Carboniferous age are
known from the Saint John belt.

Ellsworth Belt
Location. In New Brunswick the southeastern boundary of
the Ellsworth belt (Fig. 1) corresponds to the Belleisle fault
except near Long Reach (Fig. 3), where a slice of Silurian
volcanic rocks assigned to the Ellsworth belt lies east of the
Belleisle fault. To the southwest, the Ellsworth belt extends
under Penobscot Bay. Its northwestern boundary is the west
contact of the Queen Brook Formation in New Brunswick and
several faults to the southwest which have been connected as the
Graham Lake-Rockland line (Osberg et al. , in press). The New
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The age of the Ellsworth Formation, the schist of Columbia
Brunswick portion of the belt corresponds approximately with
Falls,
and the Queen Brook Formation is uncertain. The
the Mascarene terrane of Fyffe and Fricker ( 1987).
Ellsworth
Formation is unconformably overlain by SilurianStratigraphic Relationships. Felsic volcanic rocks without
associated sedimentary rocks, located west of Sagwa, New Lower Devonian rocks at several localities. Bouley et al. ( 1981)
have questioned the regional significance of these unconforBrunswick (Fig. 3), have been assigned a Precambrian age by
MacKenzie (I 964) and McCutcheon (1981 ), and similar rocks mities and proposed that they may represent a limited time span.
on Campobello Island (Fig. 3) have been equated to the Stewart and Wones ( 1974) presented evidence that the Ellsworth
Coldbrook Group (Fig. 2, col. 3) (McLeod and Rast, 1988). The Formation was metamorphosed prior to deposition of the
relationships of these volcanic rocks to adjacent rocks is uncerSilurian-Lower Devonian Castine volcanic rocks and so must be
pre-Silurian. The Queen Brook Formation also lies below
tain, and their assignment to the Precambrian is based solely on
Silurian volcanic rocks suggesting that its age is Early Silurian
lithic similarity to volcanic rocks of the Coldbrook Group in the
neighboring Saint John belt.
or Ordovician (Ruitenberg and Ludman, 1978; McCutcheon,
1981; McCutcheon and Boucot, 1984). Layering in the Queen
The North Haven Formation (Smith et al., 1907; Dow,
Brook Formation is parallel to that in the overlying volcanic
1965), exposed on North Haven Island in Penobscot Bay, consists of a monotonous section of pillowed, phyllitic greenstone, rocks, but at one locality a conglomerate occurs along the contact
and minor siliceous tuff, breccia, and pelite (Fig. 2, col. 6; Pinette (McCutcheon, 1981 ), raising the possibility that it may be disand Osberg, 1989). Greenstones located near West Gouldsboro
conformable. A lower age limit for the Ellsworth and Queen
Brook Formations can be given only ifthe interbedded nature of
(Fig. 3) may be equivalent to the North Haven Formation. These
rocks are considered to be pre-Silurian because they locally lie
the contact between the Ellsworth and Queen Brook Formations,
beneath a Silurian unconformity and, in general, their degree of and the Calais Formation and its equivalents observed by Mcdeformation is greater than that in the overlying Silurian volcanic Gregor (1965) and McCutcheon and Ruitenberg (1987) are
rocks (Brookins et al., 1973). They are undated and could be as
valid. These relationships would suggest a post-Tremadocian
age. A Rb-Sr whole rock isochron based on 5 felsite and 7
old as Precambrian, perhaps related to the Coldbrook Group. On
the other hand, Brookins et al. (1973) considered at least part of greenschist samples from the Ellsworth Formation give a revised
age using the new decay constant of 500±20 Ma (Brookins,
the North Haven Formation to be equivalent to the Ellsworth
Formation, which they considered to be Ordovician. These
1976), consistent with an Early Ordovician or older age.
possible relationships have not been tested by mapping. A third
Silurian and Devonian strata of the Ellsworth belt are part
of the regional coastal volcanic belt (Bou cot, 1969; Gates, 1969)
alternative that is consistent with their chemistry is that the North
and in New Brunswick comprise the Mascarene-Nerepis zone of
Haven Formation represents a remnant of Late Ordovician to
earliest Silurian oceanic crust.
Ruitenberg et al. (1977). The volcanic and sedimentary units
have different names in different places, but paleontologic and
Red and gray sandstones and conglomerates (Fig. 2, col. 2)
isotopic work has been quite successful in demonstrating the
are exposed on the east side of the Ellsworth belt in New
Brunswick, between the Belleisle and Wheaton Brook faults
complicated facies relationships among them. Unconformities
at the base of the section are exposed in several places and range
(Fig. 3). The trilobites Strenuella and Harttel/a in sandstones fix
their age as Early Cambrian (Yoon, 1970; McCutcheon, 1981 ). in age from earliest Silurian to Late Silurian (Fig. 2).
McCutcheon (1981) and Mccutcheon and Ruitenberg (1987)
The Quoddy Formation (Fig. 2, col. 3) near Eastport, Maine
(Fig. 3) consists of rusty-weathering, sulfide-rich, black siltstone
have correlated this Cambrian section with nearby interbedded
red sandstones and felsic and mafic volcanic rocks, although and siliceous argillite, interbedded with minor volcanic ash
Tanoli et al. (1985) have suggested that some of the latter may (Bastin and Williams, 1914; Gates, 1969, 1975, 1978). Graptolites indicate a late Llandoverian age (Gates, 1975). The
be Eocambrian. The Cambrian stratigraphic section in southern
Quoddy Formation is separated by faults from the rest of the
New Brunswick is incomplete and fragmented by faulting, and
its base is not known. Locally, a Cambrian porphyry is interEastport sequence, but it is interpreted to be the oldest unit in the
Silurian-Early Devonian section because of its fossil age. Mcpreted to intrude foliated granite, suggesting that the granite is
Leod and Rast (1988) have interpreted an unconformity on
Precambrian and may possibly represent the basement upon
which the Cambrian section lies.
Campobello Island (Fig. 3) between the Quoddy Formation and
The Ellsworth Formation (Smith et al., 1907), the schist of volcanic rocks that they equate on lithologic grounds to the
Columbia Falls (Terzaghi, 1946; Gilman, 1961 ), and the Queen
Coldbrook Group.
Brook Formation (Ruitenberg, 1967) are interpreted here as
Unnamed gray polymictic conglomerate near Sagwa, New
Brunswick (Fig. 3), is interpreted by McCutcheon (1981) to
equivalents (Fig. 2, cols. 2, 3, 4, 5). They consist of thinly
unconformably overlie Cambrian sandstones (Fig._ 2, col. 2).
interbedded grayish green phyllite and white to gray siliceous,
feldspathic siltstone. All three units are locally cut by mafic The conglomerate is clast-supported, with clasts of thinly
dikes, and thin units of felsic and mafic volcanic rocks, tuffs, and
bedded, grayish green, siliceous siltstone having been derived
from the Coldbrook Group. This conglomerate is gradationally
pyroclastic rocks have been mapped within the Ellsworth Foroverlain by gray sandstone and then by gray to black siltstone.
mation by McGregor (1965).
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Similar gray to greenish black sandstones and siltstones are
present at Ketchum Brook and also near the eastern end of the
Ellsworth belt. This eastern exposure contains Llandoverian
(C5) brachiopods (McCutcheon and Ruitenberg, 1987). Because of their similarity in lithology and age, we equate the rocks
in these three exposures with the Quoddy Formation. The
western contact of the Queen Brook Formation is gradational
with bedded black sandstones and siltstones of uncertain age
along the Pendar Brook fault (Fig. 3). These might also correlate
with the Quoddy Formation, but we have tentatively interpreted
them as equivalent to the Calais Formation of the St. Croix belt
(Fig. 1), after Ruitenberg and Ludman ( 1978).
The Ames Knob Formation (Fig. 2, col. 6), in southern
Penobscot Bay (Fig. 3), is a thin unit consisting of a basal
conglomerate overlain by calcareous sandstone, and then by
gray, maroon, and green shales. The conglomerate contains
randomly oriented, foliated clasts of the underlying North Haven
Formation, suggesting that the greenstone was metamorphosed
and deformed before deposition of the Ames Knob sediments.
A diverse fauna in the Ames Knob Formation indicates late
Llandoverian through Pridolian ages (Smith et al., 1907;
Brookins et al., 1973).
The Bar Harbor Formation (Fig. 2, col. 4) contains an
assemblage of siltstones, sandstones, and pebble conglomerates
displaying even and regular bedding. In Frenchman Bay and on
the mainland near West Gouldsboro (Fig. 3), basal conglomerates in the Bar Harbor Formation contain clasts of the
underlying greenstone, suggesting an unconformable relationship (Metzger, 1959; Metzger and Bickford, 1972; Gilman,
1984; Gilman and Lash, 1988). Toward the top of the formation,
layers of tuff and locally thick sequences of siliceous volcanic
rocks are interbedded with the siltstones. No fossils have been
reported from the Bar Harbor Formation, but a Rb-Sr whole rock
age from the siliceous volcanic rocks suggests that the bulk of
the formation predates Late Silurian to earliest Devonian
(Metzger et al., 1982). It is tempting to interpret the unconformity at the base of the Bar Harbor Formation as basal Silurian,
but this is not altogether clear. It could be entirely within the
Silurian section, or it could transgress the lower part of the
Silurian section and locally rest on pre-Silurian rocks.
The Long Reach and Jones Creek Formations make up most
of the New Brunswick part of the Ellsworth belt (Fig. 2, col. 2).
The Long Reach Formation (MacKenzie, 1964; McCutcheon,
1981 ), contains mainly mafic and lesser felsic volcanic rocks and
tuffs. Parallel-laminated, fine-grained sandstone and minor
limestone are intercalated with the volcanic rocks. The Long
Reach Formation is interpreted to be gradational with the underlying rocks at Ketchum Brook and to be partly in facies relationship with them (McCutcheon and Ruitenberg, 1987). We take
the position suggested by McCutcheon and Ruitenberg ( 1987)
that the rocks at Ketchum Brook lie disconformably on the
Queen Brook Formation. Where the Long Reach Formation lies
directly on the Queen Brook Formation, the contact is interpreted
here as a disconformity or a fault. A brachiopod fauna from

11

H. N. Berry IV and P. H. Osberg

limestone in the middle part of the Long Reach Formation
indicates a Late Llandoverian (C6) to WenJockian age (Boucot
et al., 1966; McCutcheon and Boucot, 1984 ). The Jones Creek
Formation conformably overlies the Long Reach Formation
(Mccutcheon, 1981 ). It is composed of thinly interbedded
greenish gray sandstone and siltstone with minor amounts of
felsic and basaltic flows and tuffs. Fossils in the upper part of
the Jones Creek Formation are Pridolian in age (Berry and
Boucot, 1970).
Near Eastport (Fig. 3), the volcanic section (Fig. 2, col. 3)
includes the Dennys, Edmunds, Leighton, Hersey, and Eastport
Formations (Bastin and Williams, 1914; Gates, 1969, 1975,
1978). The Dennys Formation is dominated by basalts, siliceous
volcanic rocks, and volcaniclastic rocks with subordinate interbedded argillites containing a Wenlockian brachiopod fauna.
The overlying Edmunds Formation is largely dacite and rhyolite,
but contains significant amounts of volcanic breccia, tuff, and
volcanic conglomerate. Basalts make up a small part of the
formation. Black shale is minor but contains an abundance of
Ludlovian fossils. The Leighton Formation is dominated by
sedimentary rocks, mostly gray siltstone and shale, which are
locally limey. Basaltic flows, rhyolitic debris flows, and tuffs
make up the rest of the formation. A shaUow-water fauna
indicates the Leighton Formation is Pridolian. Above this, the
Hersey Formation of maroon siltstone and shale contains shallow-water fossils which straddle the Silurian-Devonian boundary (Fig. 2, col. 3). At the top of the section is the Eastport
Formation (Bastin and Williams, 1914), a volcanic unit
dominated by basaltic and rhyolitic flows and tuff-breccias, with
lesser tuffs, siltstones, shales, cherty limestone, and conglomerates. Some of the flows and tuffs are thought to be
subaerial, and many of the sedimentary rocks are interpreted to
have been deposited in shallow water. A brackish-water fossil
assemblage indicates a Gedinnian age.
The Cranberry Island Formation (Fig. 2, col. 4), exposed on
Little and Great Cranberry Islands near Mt. Desert Island (Fig.
3), consists of well layered tuffs, interbedded with felsic and
intermediate volcanic flows and agglomerates. Mafic volcanic
rocks make up a small part of the formation. An Early Devonian
age is suggested by a Rb-Sr whole rock isochron of 379±9 Ma
(Brookins et al., 1973).
The Castine Formation (Fig. 2, col. 5), along the eastern part
of Penobscot Bay (Fig. 3) consists predominantly of siliceous
volcanic rocks with abundant agglomerates, tuffs, and ash, and
lesser mafic volcanic rocks, commonly pillowed (Smith et al.,
1907). Sandstones, shales, and lenticular limestone form a
decidedly minor part of the formation. Ostracodes from
sedimentary layers and Rb-Sr whole rock ages from the volcanic
rocks demonstrate Pridolian through Early Devonian ages
(Brookins et al., 1973). Along Bagaduce Narrows, north of the
town of Castine (Fig. 3), a thin sedimentary section at the base
of the Castine Formation rests unconformably on Ellsworth
Formation and contains clasts of that formation (Wingard, 1961;
Stewart and Wones, 1974).
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The Thorofare andesite and Vinalhaven rhyolite (Fig. 2, col.
6) overlie the Ames Knob Formation in Penobscot Bay. The
Thorofare andesite contains andesite, rhyolite, tuff, and volcanogenic sedimentary rocks (Smith et al., 1907; Dow, 1965),
and the Vinalhaven rhyolite consists of locally spherulitic
rhyolitic flows, tuffs, and breccias (Smith et al., 1907). These
rocks overlie greenish shales containing Pridolian fossils.
Brookins et al. ( 1973) report a Rb/Sr whole rock isochron for the
Vinalhaven rhyolite of 385±6 Ma (revised), consistent with an
Early Devonian age.
Islesboro-Rockport Belt
Location. Rocks of the Islesboro-Rockport belt are exposed
in three areas (Fig. I). One is in West Penobscot Bay on
Islesboro and several smaller islands to the south (Fig. 3). The
second is on the mainland around Rockport, and the third is in a
small thrust-bounded window just south of Rockport.
Stratigraphic Relationships. The area of the IslesboroRockport belt centered on Islesboro and Seven Hundred Acre
Island is in a faulted anticlinal inlier nearly completely surrounded by Silurian-Devonian rocks of the Ellsworth belt.
Rocks of this exposure belong to three sequences separated by
unconformities (Fig. 2, col. 7). The oldest sequence, exposed on
the eastern side of Seven Hundred Acre Island, on Spruce Island,
and on other small islands, includes greenstone with prominent
white quartzo-feldspathic layers, coarse muscovite-stauroliteandalusite-gamet schist, feldspathic biotite gneiss, and marble
with lenticular amphibolite (Stewart, 1974; Stewart and Lux,
1988). These rocks were originally metamorphosed to am£hibolite facies in the Precambrian, and have been retrograded.
OAr/39Ar release spectra for hornblende separates yield apparent ages of about 670 and 650 Ma which are thought to date
this metamorphic event (Stewart and Lux, 1988). A cross-cutting muscovite-bearing pegmatite in marble from Spruce Island
yielded a Rb/Sr whole rock age of 620±20 Ma and a K/Ar
muscovite age of 594±18 Ma (Brookins, 1976), establishing a
Late Precambrian age for the pegmatite (Stewart, 1974).
The Islesboro sequence (Fig. 2, col. 7) is thought to rest
unconformably on the retrograded Precambrian rocks because,
in contrast to them, it was never metamorphosed above
greenschist facies (Stewart, 1974; Stewart and Lux, 1988). The
Islesboro sequence consists of an unnamed basal white quartzite
which grades by interbedding into gray and green, thinly
laminated feldspathic slate, containing two prominent, mappable, thin units of limestone within its lower part (Smith et al.,
1907; Stewart, 1974). The Coombs Limestone (Smith et al.,
1907), consisting of thinly bedded limestone, buff marble, and
minor limestone conglomerate, overlies the slate. The Coombs
Limestone is in tum overlain by white quartzite and quartzite
conglomerate at the top of the Islesboro sequence. Since the
Islesboro sequence is inferred to be younger than the
Precambrian amphibolite-grade metamorphism and muscovite
pegmatite, it might be latest Precambrian(?) or Cambrian(?).
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We interpret a third sequence to be present in this same area
contains rocks simi lar to those exposed at Rockport (Bastin,
on Islesboro and the western part of Seven Hundred Acre Island
1908; Osberg and Guidotti, 1974).
(Fig. 3). At its base, an unnamed polymictic pebble conglomerate and gray quartzite rest with profound unconformity
Benner Hill Belt
across both the Islesboro sequence and the sequence of
Location. The Benner Hill belt occupies part of the mainretrograded Precambrian rocks. The conglomerate and quartzite
grade upward into unnamed thinly interbedded greenish gray
land west of Penobscot Bay and south of Rockport (Fig. I). A
high-angle fault separates it from the St. Croix belt to the west,
chlorite-mica phyllite and sandstone. Because this third seand it is juxtaposed against the Islesboro-Rockport belt along
quence is younger than the Islesboro sequence, it is presumably
early Paleozoic, possibly Cambrian(?).
thrust faults.
Statigraphic Relationships. The Benner Hill sequence (OsRocks similar to those of the younger two sequences on
berg and Guidotti, 1974; Guidotti, 1979) can be divided into
Islesboro, but at higher metamorphic grade, are present on the
mainland in the vicinity of Rockport (Fig. 3). Rocks of the
three units (Fig. 2, col. 9). The lower unit, informally called
Rockport sequence (Fig. 2, col. 8) were mapped and described
"ribby" schist, consists of gray quartz-mica schist with ribs of
thinly interbedded feldspathic quartzite. The middle unit,
by Osberg and Guidotti ( 1974), but the stratigraphic sequence is
biotitic quartzite and quartz-feldspar-mica grit, has a siliceous
reinterpreted here. The oldest unit in the Rockport sequence is
coquinite at the top containing abundant deformed Caradocian
andalusite-mica schist with thin coticule beds, beds of sandstone,
and lenses of polymictic conglomerate with clasts up to 15 cm
brachiopods (Boucot et al., 1972; Neuman, 1973; Boucot, 1973).
The upper unit, including the schist at Benner Hill, is variably
across. A thin buff-colored marble lies near the bottom of the
light to dark gray quartz-mica schist with distinctive thin interexposed section, and another thin white marble, barely exposed
at low tide, is above this schist unit. Next is a sandy, gray schist calated gametiferous quartzite beds. A rusty part of this unit
(Fig. 2, col. 9) has been mapped separately and informally called
that weathers to a woody texture. Discontinuous white quartzite
the Prison Farm lithology (Osberg and Guidotti, 1974; Guidotti,
beds and green calc-silicate pods occur near its base. The fourth
unit consists of well bedded marble, thinly bedded calc-silicate
1979; Hussey, 1985).
marble, and limestone conglomerate like the Coombs Limestone
of Islesboro (Smith et al., 1907; Bastin, 1908; Osberg and
St. Croix Belt
Guidotti, 1974). The limestones are overlain by white quartzite
Location. The St. Croix belt (Fig. I) is in fault contact with
and quartzite conglomerate which correspond to similar rocks at
the top of the Islesboro sequence.
the Benner Hill and Islesboro-Rockport belts, but its contact with
the Ellsworth belt, although partly faulted, has been reported to
Resting unconformably on these units in Rockport are
be a sedimentary contact north of Ellsworth (McGregor, 1965)
metamorphosed polymictic pebble conglomerate and dark gray,
and in southwestern New Brunswick (McCutcheon and Ruitenbiotitic sandstone which grade upward into andalusi te-mica
berg, 1987; Fig. 2). Its western contact is with Silurian to Lower
schist. It is proposed that the rocks above the unconformity
Devonian rocks of the Casco Bay - south-central Maine and
correlate with the youngest sequence on Islesboro (Fig. 2, cols.
7 and 8).
Fredericton belts along the Saint George-St. Stephen fault in
The sections at Islesboro and Rockport are separated by the
Maine (Bickel, 1976; Osberg, 1978; Loiselle and Wones, 1980)
Turtle Head fault zone (Fig. 3) (Stewart, 1974; Stewart and
and along the Honeydale (Ruitenberg, 1967) and Pendar Brook
Wones, 1974; Stewart, 1986). Stewart (1974) postulated very
faults (McCutcheon, 198 1) in New Brunswick (Fig. 3). A small
exposure faulted against the east side of the Islesboro-Rockport
substantial motion along this fault zone because "the
belt near Rockland (Fig. 3) is also included in this belt (Osberg
stratigraphic sections exposed on Islesboro have so few
and Guidotti, 1974).
similarities with the stratigraphic columns in adjacent structural
Stratigraphic Relationships. The Jam Brook Formation
blocks." As indicated in the preceding paragraphs, however, we
(Fig. 2. col. I 0), exposed along the margin of the belt west of the
believe there are close similarities between the two sections.
Camden Hills (Fig. 3), contains thin units of light gray marble,
Even though the Turtle Head fault zone juxtaposes chloritegrade rocks on the east against coarse-grained andalusite schist quartz-rich mica schist, white quartzite, polymictic conon the west (Stewart, 1974; Berry, 1986; Guidotti, 1989), in our glomerate and mica schist, and andalusite-quartz-mica schist
(Bickel, 197 1, 1976). There is no direct age control for the Jam
view it does not separate different stratigraphic sequences, but
Brook Formation.
two parts of the same sequence metamorphosed to different
The Megunticook Formation (Fig. 2, col. 11), well exposed
grade.
in the Camden Hills (Fig. 3), consists predominantly of massive,
Southwest of Rockport (Fig. 3), the third exposure of the
Islesboro-Rockport belt is surrounded by rocks of the Benner
light gray, andalusite-quartz-mica schist, with scattered beds and
thin units of quartzite, coticule, and rusty weathering, dark gray,
Hill sequence (Fig. I). This small exposure is interpreted to be
mica schist (Bickel, 1971; Berry, 1986). The base of the formain a thrust-bounded window (Osberg and Guidotti, 1974). It
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tion is faulted against the Islesboro-Rockport belt. The Megunticook Formation contains within it a tightly bound stratigraphy
that has the Battie Quartzite member, formerly the Battie
Quartzite of Bastin ( 1908), as its oldest unit. The Battie
Quartzite consists of massive white quartzite and massive pebble
to cobble conglomerate with subangular quartzite clasts supported by a biotitic quartzite matrix. Higher in the Megunticook
section is a unit of brown-weathering, graphitic mica schist,
overlain direct! y by discontinuous, thin lenses of marble and then
tremolite- and actinolite-bearing quartzites. The quartzite unit
is overlain in tum by a unit of black, graphitic, chiastolite-biotite
schist with graded beds near its upper contact which set the local
stratigraphic younging sense. Finally, a discontinuous, white
marble unit locally occupies the contact between the Megunticook Formation and the base of the Penobscot Formation. The
Megunticook Formation is of unknown age, but is thought to be
Cambrian(?) because it underlies the Penobscot Formation,
which can be traced into the Tremadocian Calais Formation (see
below).
The lithologic similarity between andalusite schists in the
Megunticook Formation and the andalusite schist in the upper
part of the Jam Brook Formation makes it tempting to equate
them. If such a correlation is valid, then the polymictic conglomerate and andalusite schist at the top of the Jam Brook
Formation could represent the basal part of the Megunticook
Formation, which is faulted out of the Camden Hills section (Fig.
2, col. l l ). Likewise, the upper part of the Megunticook Formation, containing the several units described above, is missing
from the Jam Brook section and is presumably cut out of that
section by a fault (Fig. 2, col. 10; Bickel, 1976). This interpretation suggests the lower part of the Jam Brook Formation underlies the Megunticook Formation and may be Precambrian(?).
In the Big Lake quadrangle, Maine (Fig. 2, col. 12), Ludman
(1985b, 1987) has assigned the rocks previously mapped as the
Cookson Formation (Ruitenberg, 1967; Ruitenberg and Ludman, 1978) to the Cookson Group which contains two forma1
tions that could be correlative with the Megunticook Formation.
The Kendall Mountain Formation is dominated by massive
quartzose, quartzo-feldspathic, lithic arenites, and conglomerate, similar to the Battie Quartzite, but it also contains in
minor amount black shale, rhyolitic lava, and tuff. The overlying
1
Woodland Formation consists of quartzo-feldspathic wacke and
gray shale in graded sets, somewhat reminiscent of the bulk of
the Megunticook Formation.
Near Calais (Fig. 3), Ludman ( 1978, 1987) has shown that
1
the Woodland Formation is overlain by the Calais Formation ,
which contains black, sulfidic shales and, in its upper part, layers
of basalt and coticule. At Oak Bay, New Brunswick (Fig. 2, col.
12), equivalents of the Calais Formation (Cookson of Ruitenberg, 1967) contain graptolites first thought to be Arenigian
(Cumming, 1967), but which are more likely Tremadocian
(Ruitenberg and Ludman, 1978). Similar rusty-weathering,
I See Editors' Note regarding stratigraphic order in the Cookson Group.
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bedded, black sandstone, siltstone, and shale are present near
Queen Brook in New Brunswick, between the Pendar Brook
fault and the Queen Brook Formation (Fig. 3). Ruitenberg and
Ludman (1978) correlated these rocks with the Calais Formation, but Mccutcheon and Ruitenberg (1987) were uncertain,
allowing that these rocks might alternatively rest above the
Queen Brook Formation. The Calais Formation was mapped for
20 miles southwestward into Maine by Ruitenberg and Ludman
( 1978), and except for intervening plutons, the same lithofacies
is traceable for nearly a hundred miles southwest into the
Penobscot Formation, west of Penobscot Bay (Fig. 3).
The Penobscot Formation (Fig. 2, col. 11) conformably
overlies the Megunticook Formation (Smith et al., 1907; Bickel,
1976; Berry, 1986). Its characteristic lithology is very rusty
weathered, black, graphitic, and sulfidic mica schist. A thin unit
of white marble is locally present at its base (Osberg and Guidotti, 1974), and subordinate quartzite is irregularly interbedded
with the schist in the lower part of the formation. Higher in the
formation is an amphibolite unit (Fig. 2, col. 10), the Gushee
Member (Bickel, 1976), interpreted as metamorphosed basaltic
volcanic rocks. Because of its lithologic correlation with the
fossiliferous Calais Formation on Cookson Island, the Penobscot
Formation is inferred to be Tremadocian.
At Oak Bay (Fig. 3), the Calais Formation (Fig. 2, col. 12)
is unconformably overlain by the Silurian Oak Bay and Waweig
Formations (Cumming, 1967; Ruitenberg, 1967; Ruitenberg and
Ludman, 1978; Ludman, 1981 ). The Oak Bay Formation consists of polymictic pebble to boulder conglomerate which grades
upward into graywacke. A limestone clast in the conglomerate
yielded a late Llandoverian pentamerid brachiopod (Cumming,
1967) giving a maximum age of deposition for the conglomerate.
The Oak Bay Formation grades into overlying fine-grained
calcareous and non-calcareous sandstones and siltstones of the
Waweig Formation. A Ludlovian to Pridolian fauna from the
Waweig Formation gives a minimum age for the unconformity
(Pickerill, 1976).
Ludman (1987) defined the Pocomoonshine Lake Formation, mapped along the western edge of the St. Croix belt near
Pocomoonshine Lake (Fig. 3), and assigned it to the Cookson
Group, stratigraphically below the Kendall Mountain Formation. However, because of its lithic similarity to the Seboomook
Formation of northern Maine, we have placed the Pocomoonshine Lake Formation in a Silurian-Early Devonian sequence
and will describe it with the rocks of the Fredericton belt (Fig.
2, col. 16).

Casco Bay - South-Central Maine Belt
Location. The Casco Bay - south-central Maine belt has
three major components. An area of pre-Ashgillian(?) rocks
extending from south of Portland northeastward to Bangor is
interpreted to be in a faulted anticlinal inlier (Fig. I). Ashgillian(?) to Silurian cover extends westward from this inlier into
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south-central Maine. Fault-bounded rocks east of the inlier are
lithologically similar to the Ashgillian(?) to Silurian cover sequence. To the northeast, the boundary of the Casco Bay south-central Maine belt is arbitrarily placed at the Bottle Lake
and Deblois plutons (Fig. 3).
Stratigraphic Relationships. The oldest rocks of the Casco
Bay - south-central Maine bel t are lumped into the Cushing
Formation (Katz, 191 7; Hussey, 197 1, 1985, 1988). The many
members of the C ushing Formation are separated by the Flying
Point fault (Fig. 3) into the Falmouth-Brunswick sequence
northwest of the fault, and the Saco-Harpswell sequence
southeast of the fault. The relative age of the two sequences is
not known.
The Peaks Island and Yarmouth Island Members of the
Saco-Harpswell sequence (Fig. 2, col. 13) are characterized by
light gray quartz-feldspar gneisses and amphibolites. Pyroclastic textures and blue quartz phenocrysts in the Peaks Island
Member indicate a volcanic protolith. These two units also
contain thin beds of marble, calc-silicate skarn, and schist. The
Merepoint Member consists of sul fidic schist, and the Bethel
Point Member has thinly interbedded quartzite and sulfidic
schist. At the top of the Saco-Harpswell sequence (Hussey,
1988), the Wilson Cove Member is a heterogeneous assemblage
offeldspathic garnet-biotite schist, garnetiferous quartzite, cumm ington i te-garn et-hornble nde-biotite-quartz-plagioc la se
gneiss, amphibolite, and very rusty biotite-muscovite schist.
The Sebascodegan Formation (Fig. 2, col. 13) in the SacoHarpswell sequence may be a lateral facies of the Cushing
Formation (Hussey, 1988). It is characterized by thinly bedded,
light gray, quartz-plagioclase-biotite gran ulite with lesser
amounts of interbedded calc-silicate granulite and amphibolite,
some of which contains abundant anthophyllite and cummingtonite.
The Cushing Formation in the Falmouth-Brunswick sequence (Fig. 2, col. 14) has been mapped by Newberg (1984,
1985) and Hussey ( 1985, 1988) as the Richmond Comer, Torrey
Hill, Mount Ararat, and Nehumkeag Pond Members. The Richmond Corner Member consists of garnet-magnetite-mica schist
with spectacular beds of coticule and interlayered quartzfeldspar gneisses and amphibolite. The Torrey Hill Member
consists of sulfidic mica schist containing scattered beds of rusty
quartzite and having a rusty, buff colored marble at its upper
contact. The Mount Ararat Member is dominated by light gray,
quartz-feldspar gneisses with lesser interlayered amphibolite.
The Nehumkeag Pond Member contains kyanite-staurolite-mica
schist, rusty sulfidic mica schist, lineated, white quartzite and
minor amphibolite, calc-silicate marbles and flaggy quartzfelspar gneisses, and minor amphibolite.
The ages and stratigraphic relationships of the members in
the Cushing Formation are not well constrained. A Rb/Sr whole
rock age from feldspathic gneisses near Portland (Fig. 3) has
yielded 48 1±40 Ma (Brookins and Hussey, 1978), and a Rb/Sr
whole rock age from the Mount Ararat Member to the north has
given a somewhat similar age (W. J. Olszewski, Jr., pers. com-

mun., 1982). Taken at face value, these Rb/Sr whole rock ages
would indicate that the Cushing Formation is Ordovician or
older, but it is likely that the isotopic systems in the protoliths
were not homogeneous and, therefore, the required conditions
for the method may never have been met. Tentatively, the
Cushing Formation is regarded to be Ordovician or older, and it
may be as old as Precambrian (Hussey, 1988).
The Cape Elizabeth Formation (Fig. 2, col. 13) overlies the
Cushing Formation (Katz, 1917; Hussey, 197 1, 1988). A local
granule conglomerate at its base and map-scale truncation of
underlying units argue for a low-angle unconformity beneath it
(Hussey, 1971 ). The Cape Elizabeth Formation consists of 2 to
6 cm thick, interbedded light to dark gray, quartz-mica schist and
metamorphosed quartz-rich and variably feldspathic sandstone.
Some beds are graded, giving valuable younging sense near the
unconformity. The Cape Elizabeth Formation is unfossiliferous,
and its age is uncertain. It is older than the Ashgillian(?) to
Silurian cover rocks that overlie the Casco Bay Group, so its age
could be Ordovician or older.
The rocks exposed along the shore at Cape Elizabeth (Fig.
3) are, unfortunately, atypical of the Cape Elizabeth Formation
as mapped for more than 50 miles to the northeast. At the type
locality, the rocks are interbedded, buff-weathering, calcareous
siltstones and dark gray phyllite in beds up to a meter thick
(Hussey, 1985, 1986), which we believe are more like rocks of
the nearby Merrimack Group to the southwest, or the Hutchins
Comer Formation to the northwest, than to the rest of the Cape
Elizabeth Formation. Such speculation about the regional correlation of the type Cape Elizabeth is rendered insignificant,
however, by the post-metamorphic Broad Cove fault (Fig. 3)
which isolates it from the rest of the mainland.
The upper part of the Casco Bay Group (Fig. 2, col. 13)
consists of a conformable sequence of thin, distinctive units
(Katz, 1917) which have only been identified southeast of the
Flying Point fault (Fig. 3). Locally exposed contacts and
primary facing indicators establish the relative age sequence of
these units, as described in detail by Hussey (197 1, 1985, 1988)
and Swanson et al. ( 1986). The Spring Po int Formation is
dominated by metamorphosed mafic tuff, but near Harpswell
(Fig. 3) it is divided into mafic lower and felsic upper parts,
separated by a 15-m-thick coticule horizon (Swanson et al.,
1986). The Spring Point Formation is overlain by a thin unit of
massive, black, sulfidic phyllite, the Diamond Island Formation.
The Scarboro and Jewell Formations both contain light gray
quartz-mica schist and phyllite, and dark gray, rusty weathering,
quartz-mica schist and phyllite. They are lithologically indistinguishable, but stratigraphically separated by the intervening
Spurwink Limestone, containing fine-grained, ribbony-bedded
gray limestone with interbedded phyllite. The age of the upper
part of the Casco Bay Group is likewise fixed only by the
Ashgillian(?) to Silurian age of the cover sequence, and, conseq uently, permissible ages are Ordovician or older.
In the vicinity of Bangor (Fig. 3), at the northeast end of the
anticlinal inlier of older rocks, is a sequence of rocks called the
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Passagassawakeag Gneiss (Bickel, 1976), including feldspar
augen gneiss, migmatitic gneiss, amphibolite, calc-silicate
rocks, and interlayered schist and feldspathic granulite, all at
sillimanite+K-feldspar metamorphic grade. Bickel (1976) and
Stewart and Wones (1974) thought these high-grade rocks comprised a sequence unrelated to surrounding rocks. Alternatively,
we believe these rocks are deformed, high-grade equivalents of
those along strike to the south in the Casco Bay Group. Although
stratigraphic relationships at the northeast end of the inlier are
known only in reconnaissance, the Copeland Formation (J. M.
Trefethen, pers. commun., 1950) strongly resembles the Cape
Elizabeth Formation and it is gradational into the sillimanite+Kfeldspar gneisses of the Passagassawakeag. Cale-silicate
marbles may equate with the Spmwink Formation, and amphibolites can be traced nearly continuously from the Spring
Point Formation at Wiscasset into the Passagassawakeag Gneiss
(Osberg et al., 1985).
The Ashgillian(?) through Silurian south-central Maine
cover sequence (Fig. 1) unconformably overlies rocks of the
Cushing Formation (Osberg, 1988) in the vicinity of Palermo
and Freedom (Fig. 3). This conformable sequence consists of
the Hutchins Comer through Madrid Formations (Fig. 2, col. 14).
The Hutchins Comer Formation (Osberg, 1988), formerly part
of the Vassalboro Formation, consists of thickly bedded quartz
wackes and graywackes interbedded with less abundant phyllite.
The basal part of the formation is slabby bedded feldspathic
sandstone with thin partings of phyllite. At the top of the basal
unit is a prominent gray limestone member. No fossils have been
identified from the Hutchins Comer Formation, but stratigraphic
interpretation suggests it may be Ashgillian(?) to Llandoverian.
The WaterviUe Formation (Fig. 2, col. 14) overlies the
Hutchins Comer Formation, and consists of thinly interbedded
greenish gray phyllite and light gray quartzite. A prominent gray
limestone member is present in the middle of the formation.
Dendroidal graptolites and trace fossils suggest a Wenlockian
age (Osberg, 1968).
A thin, black, sulfidic phyllite overlies the Waterville Formation and forms the base of the Sangerville Formation (Fig. 2,
col. 14). The bulk of the Sangerville Formation consists of
thickly bedded graywacke, lesser phyllite, and minor conglomerate (Ludman, 1976). Gray, thinly bedded limestone
forms an eminently traceable member within the Sangerville
Formation. Graptolites at scattered localities suggest a late
Llandoverian (Osberg, 1968) to Wenlockian age (Ludman,
1976).
The Perry Mountain Formation (Fig. 2, col. 14) is a thin unit
which overlies the Sangerville Formation conformably and consists of cross-bedded quartzite in beds 8 to 15 cm thick, thinly
interbedded sandstone and greenish gray phyllite, and contains
minor pods of limestone near its upper boundary (Osberg et al.,
1968; Osberg, 1988).
The Smalls Falls Formation (Fig. 2, col. 14) is dominated
by rusty weathering, black, highly sulfidic phyllite (Osberg et
al., 1968). Its lower part contains thick beds of white quartzite.
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Graptolites from several localities suggest a Ludlovian age
(Pankiwskyj et al., 1976).
The Madrid Formation (Fig. 2, col. 14), conformably overlying the Smalls Falls Formation, consists of slightly calcareous,
light gray quartz wacke and lesser petite (Osberg et al., 1968).
Beds of wacke range from 8 cm to 4 m thick. No fossils have
been found in the Madrid Formation, but its stratigraphic position implies a probable Pridolian to possibly lowermost Gedinnian age.
The Macworth Formation (Katz, 1917) is thought to be
equivalent to the lower part of the south-central Maine cover
sequence (Hussey, 1988), although it originally was assigned to
the Casco Bay Group. The Macworth Formation (Fig. 2, col. 13)
is a thinly bedded to laminated, calcareous and quartzose phyllite
and siltstone containing quartz and feldspar granules. It is
exposed in a fault slice near Portland and in the core of a syncline
in eastern Casco Bay (Fig. 3), where it overlies the Jewell
Formation. Its upper contact is not preserved. The age of the
Macworth Formation is based on its Iithic similarity to the lower
part of the south-central Maine sequence and to its position
above the Jewell Formation.
The area southeast of the pre-Ashgillian(?) inlier and
northwest of the St. Croix belt is underlain by the Bucksport and
Appleton Ridge Formations (Wing, 1957; Stewart and Wones,
1974; Bickel, 1976; Hussey, 1985). Although separated by faults
from the pre-Ashgillian rocks and the Ashgillian(?) to Early
Devonian cover sequences, they are interpreted on lithologic
grounds to be equivalent to the upper part of the cover sequence.
The Bucksport Formation (Fig. 2, col. 13) is characterized by
purplish gray, feldspathic wacke interbedded with green, calcareous wacke and minor gray biotite schist. It might correlate
with the Madrid Formation to the west. The Appleton Ridge
Formation (Fig. 2, col. 13) consists of well bedded, gray
staurolite-mica schist with interbedded gray quartzite. On the
basis of sparse graded beds, Bickel (1971) suggested the Appleton Ridge Formation is older than the Bucksport Formation,
but this relationship was uncertain. We believe instead that the
Appleton Ridge Formation may be younger than the Bucksport
Formation and possibly lies above the Silurian rocks exposed in
south-central Maine.

Fredericton Belt
Location. The Fredericton belt (Fig. 1) is located northwest
of the St. Croix belt with which it is in fault contact. Its eastern
contact is the Carboniferous unconformity, and its western contact is along the Bamford Brook and Codyville faults. The
southwestern boundary of the Fredericton belt is placed arbitrarily at the Bottle Lake and Deblois plutons (Fig. 3).
Stratigraphic Rela.tionships. As much as 3000 meters of
turbiditic graywacke and slate (Poole et al., 1970) are exposed
northwest of Fredericton, New Brunswick (Fig. 3). These rocks
(Fig. 2, col. 15), originally mapped as the Kingsclear series
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(Freeze, 1936) and informally named the Kingsclear Group
(Williams et al., 1985), are chiefly made up of thick bedded
graywacke and thinly interbedded gray, green, or red slate,
locally displayi ng graded couplets. Sparse beds of feldspathic,
pebbly sandstone are found at a few localities (Gordon, l973).
Graptolites from the Kingsclear Group collected by W. H. Poole
are early Llandoverian (A. C. Lenz, written commun. to M. J.
Copeland, 1982), and graptolites collected by A. Gordon include
early Ludlovian fonns (L. M. Cummings, written commun. to
A. Gordon, l 966).
The rocks in the southern part of the Fredericton belt have
been assigned to the Digdeguash and Flume Ridge Formations
(Fig. 2, col. 16). The lower unit, the Digdeguash Formation
(Ruitenberg, 1967), consists of thickly bedded, non-calcareous
gray wacke with interbedded gray phyllite and slate. No fossils
have been recovered from this unit, but because of the lithic
similarity to some of the graywackes and slates to the north, it is
considered to be Silurian. The Flume Ridge Formation (Ruitenberg, 1972; Flume Formation of Ruitenberg, 1967) overlies the
Digdeguash Formation. It consists of greenish gray, calcareous,
micaceous wacke, siltstone, phyllite, and slate. Vascular plant
fossils recovered from the Flume Ridge Formation (Ludman,
1986) are probably Silurian or Devonian, but do not indicate a
precise age (A. Ludman, pers. commun., 1987). We equate these
rocks with those exposed in the vicinity of Fredericton (Fig. 3).
The Pocomoonshine Lake Formation (Fig. 2, col. 16 ) is
located along the southern margin of the Fredericton belt in
eastern Maine (Fig. 3). It consists of buff to gray weathered,
fine-grained sandstone and dark gray to black, generally carbonaceous shale and slate in beds 5 mm to I 0 cm thick (Ludman,
I 985b, 1987). Graded beds are common. Although Ludman
( l 985b) included the Pocomoonshine Lake Formation in a
Cambrian(?) sequence, it is fault-bounded and, therefore, its
stratigraphic position is uncertain. On the basis of its lithologic
similarity to rocks in the Seboomook Formation of northern
Maine, we tentatively interpret it to lie stratigraphically above
the rest of the Fredericton belt and to have an age possibly as
young as Siegenian.

Miramichi Belt
Location. The Miramichi belt (Fig. 1), exposed in a broad
area of west-central New Brunswick and eastern Maine, is
separated by the Bamford Brook-Codyville fault (Fig. 3) from
the Ashgillian(?)-Early Devonian(?) rocks of the Fredericton
belt. To the northwest, its boundary with the northern Maine belt
follows the Mill Stream fault, an unnamed fault, and the
Catamaran fault (Fig. 3). At its southern extremity and along its
western margin, the Miramic hi belt is juxtaposed agai nst the
Ashgillian(?)-Silurian cover sequence of the Casco Bay - southcentral Maine belt by an unnamed thrust (Ludman, I 985a, pers.
commun., 1987); along its southwestern margin, its contact with
the cover sequence of the Casco Bay - south-central Maine belt
may be sedimentary (Olson, 1972).

Stratigraphic Relations. We are principally concerned with
that part of the Mi ramichi belt that is south of the Catamaran
fault (Fig. 3). This part of the Miramichi belt is dominated by
Cambrian(?) and Ordovician strata at low metamorphic grade.
Although fossil age control has demonstrated complex facies
distributions of the Ordovician strata, large packages within the
established stratigraphic sections have similar lithologies and
age constraints. In addition to the Cambrian(?)-Ordovician
strata, unconformable Silurian-Lower Devonian cover rocks are
locally present.
In the Benton, New Brunswick area (Fig. 3), Venugopal
(1978, 1979) has mapped a sequence dominated by red, green,
and gray chlorite-rich, feldspathic wacke and less abundant slate
in beds 10 cm to 5 m thick, locally displaying some grades (Fig.
2, col. 17). This unit has not yielded fossils, but its position
beneath rocks regarded as Tremadocian suggests a Cambrian(?)
age. Similar rocks (Fig. 2, col. 18) exposed near Hayesville,
New Brunswick (Fig. 3) are thought to be equivalent (Irrinki ,
1980), and rocks near Danforth, Mai ne (Fig. 3), assigned to the
Baskahegan Lake Formation (Fig. 2, col. 19) by Ludman
( l 985a), have similar lithology and are therefore thought to
belong to the same Cambrian(?) package.
The Cambrian(?) sandstones and slates at Benton are overlain by a unit of rusty weathering, thinly inte rbedded dark gray
shale and subordinate quartz-rich wacke (Fig. 2, col. 17). This
lithology grades upward into thinly bedded, carbonaceous, sulfidic slate and gray-white weathering siltstone (Venugopal,
1978). Fyffe et al. (1983 ) report late Tremadocian graptolites
from these slates. Ludman (I 985a) describes similar carbonaceous, sulfidic shale to conformably overlie the Baskahegan
Lake Formation near Danforth (Fig. 2, col. 19). The upper part
of this unit is rusty weathering, sulfidic sandstone and slate in
beds rang ing from 2 to 30 cm thick. An unnamed unit of basaltic
flows, tuffs, and diabase separates the lower black shale from the
upper pyritiferous sandy unit. A thin unit of heavily pitted lenses
of actinolite-plagioclase rock and calcite-epidote-actinolite rock
is interstratified with the basalt. No comparable unit is present
in the Hayesville section (Fig. 2, col. 18).
Near Ha yesville, Irrinki ( 1980) has mapped calcareous slate
with lenticular tuff beds (Fig. 2, col. 18), from which Neuman
( 1968) reported Arenigian brachiopods. The relationships to the
underlying Cambrian(?) sandstones and slates have been interpreted to be conformable (Irrinki, 1980), but because of the
apparent absence of Tremadocian black shale, a disconformity
could be present.
Above the Arenigian slates at Hayesville (Fig. 2, col. 18) are
red grits which at their base locally contain clasts of calcareous
siltstone similar to the lithology of the underlying Arenigian unit,
suggesting the possibility tha t the contact is disconformable
(lrrinki, 1980). The grits grade upward through a meter or two
into thick-bedded red and green slate, followed by gray, green,
and red cherty siltstone and slate, and finally by black sulfidic
slate with graptolites of the Nemagraptus gracilis zone (Irrinki,
1980). Locally, felsic and mafic volcanic rocks are interbedded
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with red, green, and black slates of this sequence. The
Pocomoonshine Volcanics (Fig. 2, col. 17) described by
Venugopal ( 1979) near Benton are equated to this sequence
(Fyffe et al., 1983). The Pocomoonshine Volcanics contain
felsic tuffs, thin mafic flows, red manganiferous siltstone, chert,
and argillite. In the upper part of the unit are massive flows with
minor tuff and breccia.
Ludman (1985a) and Sayres and Ludman (1985) have
described somewhat similar rocks (Fig. 2, col. 19) from the
Danforth area (Fig. 3 ). Gray slate with interbedded gray
siltstone and wacke are overlain by local conglomerate. These
slates are followed by a heterogeneous unit dominated by felsic
volcanic rocks including aphanitic and porphyritic felsite, volcanic agglomerate, conglomerate, sandstone, slate, manganiferous siltstone, and iron formation. Graptolites indicating
possible Caradocian age have been recovered from slates interbedded with the volcanic rocks (Larrabee et al., 1965), and a
single brachiopod of "probable Ordovician age" (R. B. Neuman,
pers. commun. to Glen Lutes, 1983) came from the same unit.
The Belle Lake Formation (Fig. 2, col. 17), overlying the
Middle Ordovician volcanic rocks, consists of alternating dark
gray to black slate and graywacke with beds typically 2 to 25 cm
thick and up to 75 cm thick (Venugopal, 1978). Many of the
wacke beds contain granules of quartz, feldspar, and volcanic
rocks, and locally they are graded. Some beds are rustyweathered and sooty, whereas others are clean and gray. The
Belle Lake Formation near Benton (Fig. 3) has yielded upper
Llandeilo-lowerCaradoc (upper gracilis zone) graptolites (Fyffe
et al., 1983), and near Central Waterville (Fig. 3), whitish gray,
crystalline limestone occurring as lenticular beds in the Belle
Lake Formation (Venugopal, 1979) has yielded conodonts indicating a late Llanvimian age (Nowlan, 1979), somewhat older
than the graptolites near Benton. At Hayesville (Fig. 3), a
graywacke and slate unit, which overlies the black slates containing Llandeilian to lower Caradocian fossils, has been correlated with the Belle Lake Formation by Fyffe et al. ( 1983).
Unfossiliferous conglomerate, grit, and slate (Fig. 2, col. 19)
overlying the volcanic section near Danforth (Fig. 3) are interpreted by A. Ludman (pers. commun., 1988) to be Ashgillian(?)
on the basis that similar conglomerates are interbedded with the
lower part of the Carys Mills Formation in the immediately
adjacent Casco Bay - south-central Maine belt. The Carys Mills
Formation contains fossils which indicate that its age ranges
from Ashgillian to Llandoverian.
Silurian and Early Devonian rocks in the Canterbury basin
and a smaller basin west of Danforth (Figs. 1, 3) lie unconformably on the Caradocian(?) and older sections described above.
In the Canterbury basin, the basal unit is the Pocowogamis
Conglomerate (Fig. 2, col. 17), containing pebbles derived from
the und erlying Cambrian-Ordovician quartzite and slate
(Venugopal, 1979). The conglomerate is followed by gray slates
with interbedded mafic volcanic rocks of the Scott Siding Slate,
mafic to felsic volcanic rocks with minor sandstone of the
Dorrington Hill Formation, and sandstone, calcareous slate,
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minor conglomerate, limestone, and volcanic rocks of the Hartin
Formation (Venugopal, 1979). Fossils indicate the Scott Siding
Slate may be upper Llandovery to Lower Devonian and the
Hartin Formation is Gedinnian (Venugopal, 1979; A. J. Boucot,
pers. commun. , 1987). Equivalent rocks in the basin west of
Danforth include the Daggett Ridge Formation (Fig. 2, col. 19)
of sandstone and polymictic conglomerate with clasts containing
Ludlovian fossils (Larrabee et al., 1965; Ludman, 1985a), and a
suite of unnamed gray slates with minor conglomerate,
sandstones, limestones, and calcareous slate that are tentatively
equated with the Hartin Formation.

The Northern Maine Belt
Location. The northern Maine lithotectonic belt (Fig. 1)
occupies northern and northeastern Maine and northwestern
New Brunswick (Fig. 3). It is bounded to the east against the
Miramichi belt by the Mill Stream fault, an unnamed fault, and
by the Catamaran fault. It is in contact with the Casco Bay south-central Maine belt along the Kingman and Rowell Mountain faults. The northwestern boundary of the northern Maine
belt is beyond the area of this study.
Stratigraphic Relationships. In the northern Maine belt,
pre-Ashgillian rocks are exposed in the Lobster Mountain,
Weeksboro-Lunksoos, and Munsungun-Winterville anticlinoria
and near Caucomgomoc Lake (Osberg et al., 1985). Smaller
inliers of pre-Ashgillian rocks occur at Becaguimec, New
Brunswick and at Castle Hill, Maine (Fig. 3). Because of our
interest in the eastern part of this belt, the stratigraphic relationships for the pre-Ashgillian rocks will be taken principally from
the Weeksboro-Lunksoos and Munsungun-Winterville anticlinoria and the small inliers, with on1y selected reference to
the other areas. These sections of older rocks are unconformably
overlain by diverse Ashgillian to Emsian cover sequences, which
can be divided conveniently into thin and thick Ashgillian to
Ludlovian cover sequences, Pridolian to Gedinnian volcanic
sequences, and Siegenian to Emsian flysch.
Pre-Ashgillian Rocks. The Grand Pitch Formation
(Neuman, 1967) is exposed in the core of the WeeksboroLunksoos anticlinorium (Fig. 2, col. 20). Most of the formation
consists of variegated gray, green, and red slate and phyllite
containing thin beds of quartzite and units of red and green
wacke and slate. The trace fossil Oldhamia smithi Reudeman,
present in red slate at several places, is the basis for assigning a
Cambrian age to at least the lower part of the Grand Pitch
Formation (Neuman, 1967; Neuman and Rankin, 1980). At
Chesuncook Lake (Fig. 3), the variegated phyllite and quartzite
lithology is overlain by grayish green siliceous wacke and minor
slate.
A distinctive black slate and melange unit (Fig. 2, col. 20)
overlies the wacke and slate unit. This black slate and melange
unit is similar to the Hurricane Mountain Formation in the
Lobster Mountain anticlinorium (Boone, 1983, this volume) and
to the Chase Brook Formation (Fig. 2, col. 21) of the Munsun-
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gun-Winterville anticlinorium (Hall, 1970). The Chase Brook
has yielded Caryocaris from black slate and an assortment of
conodonts from a thinly bedded limestone , poss ibly a
lithostrome (B. A . Hall , written commun., 1986). The
Caryocaris may indicate a Tremadocia n age (W. D. I. Rolfe,
pers. commun. to R. B. Neuman, 1983), whereas the conodonts
suggest an Arenigian age (J.E. Repetski , pers. commun. to B. A.
Hall, 1983). If the correlation is correct, these ages from the
Chase Brook Formation also apply to the uppermost unit of the
Grand Pitch Formation.
The Shin Brook Formation (Fig. 2, col. 20) unconformably
rests on the Grand Pitch Formation (Neuman, 1967). At the base
of the Shin Brook Formation are thin, gray slate and phyllite of
tuffaceous origin, overlain by approximately 50 m of conglomerate, tuffaceous sandstone, and volcanic conglomerate.
The coarse-grained rocks are in tum overlain by a thick sequence
of gray and green ruff, crystal tuff, and slightly calcareous,
tuffaceous sandstone. Sparse volcanic flows of intermediate
composition also occur in the formation, and the whole sequence
is overlain by a thick pile of possibly intrusive diabase. The
upper contact of the formation is unknown (Neuman, 1984).
Sandstones of the Shin Brook Formation contain abundant
brachiopods and fewer trilobites that suggest a late Arenigian age
(Neuman, 1967, 1968, 1984; Neuman and Rankin, 1980). Rocks
of the Shin Brook Formation are less deformed than those of the
Grand Pitch Formation, and clasts and fragments of the Grand
Pitch Formation are present in the lower part of the Shin Brook
Formation (Neuman and Rankin, 1980). This unconformity
records the type Penobscottian di sturbance of Neuman ( 1967).
The Chase Lake Formation (Fig. 2, col. 21 ) in the Munsungun-Winterville anticlinorium overlies mela nge and black slate
as does the Shin Brook Formation. The basal part of the Chase
Lake Formation is graywacke and conglomerate with clasts of
dark slate, basaltic and felsic volcanic rocks, chert, and dolerite.
The upper part of the formation is interbedded medium-dark gray
slate and graywacke on a scale of I to 25 cm (Hall, I 970). This
upper part of the section is thought to interfinger with the Bluffer
Pond Formation, consisting dominantly of pillowed basalt (Hall,
I 970). Abundant graptolites, a few gastropods, and a brachiopod
indicate that the Chase Lake and Bluffer Pond Formations have
an early Caradocian age (Hall, 1970). The Chase Lake Formation lies unconformably on the black slate and melange of the
Chase Brook Formation, so that the sequence and lithologies are
nearly identical to those exposed on Shin Brook in the
Weeksboro-Lunksoos anticlinorium. But the Chase Lake Formation is Caradocian, whereas the Shin Brook Formation is
Arenigian. Therefore, we interpret these sequences as distinctly
different in age, re presenting onlap sequences on an ancient
uplifted area. Presumably the time spanned by the Chase Lake
unconformity decreases to the west and the volcanic sections
merge.
Unnamed andesites and basalts (Fig. 2, col. 20) occur in
fault-bounded blocks along the east side of the WeeksboroLunksoos anticlinorium (Neuman and Rankin, 1980). These

volcanic rocks are largely massive, dark greenish gray, locally
pillowed lava and flow breccia. Many are highly porphyritic,
containing both plagioclase and pyroxene phenocrysts in a
fluidal groundmass.
Also exposed in a fau lt-bounded block on the east side of
the Weeksboro-Lunksoos anticl inorium is the Wassataquoik
Chert (Fig. 2, col. 20). It consists of thinly bedded, medium to
dark gray, greenish gray, and red chert, with interbedded fe lsic
and mafic tuffs and possible dark grayish green flows (Neuman,
1967). Based on the presence of interbedded volcanic rocks, the
Wassataquoik Chert is interpreted to conformably overlie and to
partly interfinger with the nearby unnamed volcanic section just
described. Interbedded siliceous shales contain graptolites of
the Climacograptus bicornus and Orthograptus truncatus var.
imermedius zones, as well as conodonts and brachiopods
(Neuman, 1967). These fossils indicate the Wassataquoik Chert
is Caradocian.
Mafic flows a nd tuffs, felsic flows and tuffs, volcanic breccia, and minor c hert and slate have been assigned to the Muns u ngu n Lake Formation ( Fig. 2, col. 21 ) in the
Munsungun-Winterville anticlinorium (Hall, 1970). This section is similar to the combined volcanic-Wassataquoik Chert
section desc ribed above for the Weeksboro-Lunksoos anticlinorium, and it is of the same age.
In the Munsungun-Winterville anticlinorium, the Blind
Brook Formation (Fig. 2, col. 21) overlies the Munsungun Lake
Formation (Hall, 1970). The Blind Brook Formation consists of
pyritiferous black slate overlain by lighter gray silty slate. It has
been assigned to the Orthograptus truncatus var. intermedius
zone and, therefore, may correlate with black slates in the
Wassataquoik Chert.
The small inlier at Castle Hill, Maine (Fig. 3) exposes mafic
and felsic volcanic rocks and minor black sulfidic slate of the
Winterville Formation (Fig. 2, col. 22). Fossils found at Castle
Hill suggest a Caradocian age (Boucot et al., 1964; Roy and
Mencher, 1976), so that they correlate with the volcanic rocks in
the Munsungun-Winterville anticlinorium. At the Becaguimec
inlier, however, St. Peter ( 1982) has described the Craig Brook
Limestone containing Llanvirnian and Llandeilian conodonts
(Fig. 2, col. 24). Fyffe et al. ( 1983) note that these limestones
have equivalent age and lithology to limestone beds in the Belle
Lake Formation near Waterville in the Miramichi belt (Fig. 3).
Thick Ashgillian to Ludlovian Sequences. Thick Ashgillian
to Ludlovian cover sequences (Fig. 2, col. 25) lie west of the
Miramichi and Casco Bay - south-central Maine belts, east of
the Weeksboro-Lunksoos and the Munsungun-Winterville anticlinoria, and surround the Becaguimec and Castle Hill inliers
(Fig. 3). North of Houlton, Maine, (Fig. 3) the cover sequence
contains abundant carbonates. These carbonates decrease in
importance southward, so that south of the vicinity of Houlton,
the section is mainly a thick series of turbiditic graywackes,
slates, and minor ribbon limestones and conglomerate.
The composition of the carbonate-rich sequence to the north
varies asymmetri cally across strike, with de trital rocks
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prominent along the eastern margin of the Munsungun-Winterville anticlinorium (Fig. 3) and sections with more abundant
carbonates to the east (Roy and Mencher, 1976). Adjacent to the
east flank of the Munsungun-Winterville anticlinori um, the
Aroostook River Formation (Fig. 2, col. 22), consisting of thinly
bedded greenish gray slate, calcareous wacke, and siltstone, rests
conformably or with disconformity on the older rocks of the
anticlinorium (Roy and Mencher, 1976). These slates and
sandstones grade laterally toward the east through the Pyle
Mountain Argillite (Boucot et al., 1964) into at least part of the
Carys Mills Formation (Pavlides, 1968). The Carys Mills Formation (Fig. 2, col. 25) consists of7 to 15 cm thick, interbedded,
buff weathering, light gray limestone and gray calcareous shale.
The limestones are locally cross-bedded, and at many places
there is gradation between the limestone and the shale. This
formation contains both Ashgillian and Llandoverian fossils, so
the systemic boundary lies within it (Rickards and Riva, 1981).
The Frenchville Formation (Fig. 2, col. 22) oversteps the
Aroostook River Formation, and to the west it rests directly on
older rocks (Roy and Mencher, 1976). It consists of polymictic
conglomerate with clasts of mafic and felsic volcanic rocks,
chert, graywacke, red slate, and manganiferous ironstone, some
of which were clearly derived from rocks of the MunsungunWinterville anticlinorium (Boucot et al., 1964; Roy and
Mencher, 1976). The Frenchville Formation becomes more
distal toward the east and grades laterally into the New Sweden
(Roy and Mencher, 1976) and Spragueville Formations (Pavlides, 1965) (Fig. 2, col. 23). The New Sweden Formation is
principally laminated calcareous slate containing discontinuous
beds of dense limestone. The Spragueville Formation contains
thinly interbedded gray shale, light gray silty limestone, and
calcareous siltstone. Scattered fossils from these rocks indicate
a Llandoverian to possibly Wenlockian age (Boucot et al., 1964;
Roy and Mencher, 1976).
The Jemtland Formation (Fig. 2, cols. 22, 23) overlies the
Frenchville Formation and its equivalents, and it may be
equivalent in part to the top of the Spragueville Formation (Roy
and Mencher, 1976). The Jemtland Formation consists of calcareous slate, silty shale, fine grained graywacke, and minor
aquagene tuff and micritic limestone. Scattered graptolites suggest a late Wenlockian to Ludlovian age (Roy and Mencher,
1976).
The Fogelin Hill Formation (Fig. 2, col. 22) conformably
overlies the Jemtland Formation (Roy and Mencher, 1976). It
consists of red and green silty slate and interbedded calcareous
graywacke and siltstone. Rather wide-ranging fossils indicate a
Ludlovian to Siegenian age (Roy and Mencher, 1976).
To the east in New Brunswick (Fig. 3), the Carys Mills
Formation (Fig. 2, col. 24) is conformably overlain by rocks
equated with the Smyrna Mills Formation by Rast et al. ( 1980).
At the type section of the Smyrna Mills Formation, located near
Houlton, Maine (Pavlides, 1971), it consists of slightly calcareous, gray sandstone in beds 10 cm to 4 m thick, prominent
sequences of thinly bedded greenish phyllite and sandstone,
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minor black slate, red and maroon siltstone, local manganiferous
slate and ironstone, and local conglomerate. Graptolites from
these rocks indicate a Llandoverian to Wenlockian age. North
of Woodstock (Fig. 3) amygdaloidal basaltic rocks are interbedded with the Smyrna Mills Formation.
South of Houlton, Maine (Fig. 3) where carbonates are a
minor part of the section, Ekren and Frischknecht ( 1967)
described feldspathic graywacke, gray and green siltstone and
slate to make up a unit that they called the Mattawamkeag
Formation. The sandstones, siltstones, and slates of this unit
occur in 2 to 60 cm beds that are commonly graded. A coarse
conglomerate containing clasts of felsite, greenstone, quartzite,
chert, and quartz porphyry occurs a t the top of this unit. No
fossils have been found in the Mattawamkeag Formation, but
fragmental brachiopods in the conglomerate suggest a Silurian
age (Ekren and Frischknecht, 1967). We interpret the Mattawamkeag unit to be equivalent to part of the Smyrna Mills
Formation (Fig. 2, col. 25) and the conglomerate to be a tongue
that is proximal toward the west, possibly equivalent to the
Frenchville Formation as suggested by Neuman (1967).
The Allsbury Formation (Ekren and Frischknecht, 1967;
Neuman, 1967) probably partly overlies and partly has a facies
relationship with the Smyrna Mills Formation (Fig. 2, col. 25).
It consists of thinly bedded greenish gray to maroon phyllite and
light gray quartzite and sandstone. Locally thick beds of
graywacke are interbedded with the dominant phyllitic rocks.
Thinly bedded gray limestone forms a minor unit within the
formation. Graptolites from scattered localities suggest a late
Llandoverian through Wenlockian age (Neuman, 1967).
A thin horizon of rusty, black, sulfidic slate (Fig. 2, col. 25)
which overlies the Allsbury Formation has yielded late Llandoverian graptolites (Roy and Forbes, 1970). It is followed by
a thick section of massive, thickly bedded, slightly calcareous
quartz wacke, graywacke, and gray slate of the Lawler Ridge
Formation (Roy, 1981; Roy et al., 1983).
Thin Sequences of Ashgillian to Ludlovian Rocks. Thin
sequences of Ashgillian to Ludlovian rocks are exposed in the
Munsungun-Winterville, the Weeksboro-Lunksoos, and the
Lobster Mountain anticlinoria and near Caucomgomoc Lake
(Fig. 3). A discontinuous Ashgillian section (Fig. 2, col. 20) is
exposed in the Weeksboro-Lunksoos anticlinorium, where it
includes polymictic conglomerate with clasts of quartz,
quartzite, volcanic rocks, and slate, interbedded with lithic
wacke, green siltstone, and minor pillowed basalts (Neuman,
1967; Neuman and Rankin, 1980). Ashgillian brachiopods,
trilobites, and corals have been identified from these rocks
(Neuman and Rankin, 1980).
A thin sequence of Silurian strata (Fig. 2, col. 20) is also
exposed on the west side of the Weeksboro-Lunksoos anticlinorium (Neuman, 1967), where it unconformably overlies
Ashgillian and older rocks. The basal unit consists of polymictic
conglomerate interbedded with dark gray sandstone and siltstone
containing an upper Llandoverian assemblage of brachiopods
and corals. An unnamed unit of light gray calcareous siltstone
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and fine grained sandstone overlies the conglomerate (Neuman,
minor volcanic conglomerate and siltstones. Toward the top of
the
group, aphanitic rhyolite, rhyolitic ash-flow tuff, and minor
1967). These rocks are laminated and commonly well bedded,
quartz
porphyry are present. Brachiopods from the Tobique
with Iimestone nodules and thin discontinuous beds of limestone
locally present. Scattered fossils within this unit indicate that it Group indicate a Gedinnian age.
Siegenian to Emsian Flysch. The Carrabassett Formation
is late Llandoverian to WenJockian in age. Limestones, com(Boone, 1973) is reported to lie conformably on equivalents of
posed largely of reefal material and debris with minor calthe Lawler Ridge Formation (Osberg et al., 1985) south of
carenite, overlie the calcareous siltstone and sandstone unit, and
in turn they are overlain by an upper unit of calcareous siltstone.
Millinocket (Fig. 3), although the presence of sparse lenses of
polymictic conglomerate near its base suggest the possibility that
A few scattered brachiopods suggest a Wenlockian to Ludlovian
locally it is disconformable. The Carrabassett Formation (Fig.
age (Neuman, 1967).
2, col. 25) consists of massive gray pelite with lesser beds of
Pridolian to Gedinnian Volcanic Sections. Pridolian to
siltstone and sandstone and rhythmically interbedded siltstone
Gedinnian volcanic rocks are exposed in the WeeksboroLunksoos and the Musungun-Winterville anticlinoria, and near
and gray pelite in distinctive graded sets. Poorly preserved
brachiopods suggest that the Carrabassett Formation is Early
Presque Isle (Fig. 3). In the west limb of the WeeksboroLunksoos anticlinorium, these volcanic rocks (Fig. 2, col. 20)
Devonian (Espenshade and Boudette, 1967).
Rocks of Siegenian to Emsian age, mostly belonging to the
consist of intermediate to mafic flows, tuff, and volcanic breccia
(Neuman, 1967). These unfossiliferous volcanic rocks are beSeboomook Formation (Fig. 2, cols. 20 and 21 ), form an extensive blanket that covers the older sequences of northern Maine
tween Ludlovian siltstones and the Siegenian Seboomook Formation , suggesting that their age is latest Ludlovian to
and westernmost New Brunswick. These rocks are typically
cyclically layered dark sandstone and slate, but the proportions
Gedinnian.
A somewhat similar volcanic section (Fig. 2, col. 21 ), as
of sandstone and slate vary considerably over the outcrop
much as 3250 m thick, has been referred to as the Spider Lake (Boucot et al., 1964). In western Maine these flyschoid rocks
may be as old as Gedinnian and are reported to have conformable
Formation (Hal 1, 1970) in the southern part of the Munsungunrelationships with the underlying Madrid Formation, but in
Winterville anticlinorium (Fig. 3). The Spider Lake Formation
northern Maine they are locally unconformable on older sechas a basal polymictic conglomerate, overlain by andesitic
flows, lesser dacite, and gray calcareous siltstone and medium
tions, resting on rocks as old as Cambrian (Roy, 1980). The
to dark gray limestone. The volcanic rocks are interpreted to
youngest strata of the Seboomook Formation are thought to be
interfinger with a dominantly sedimentary section composed of Emsian because they are above Siegenian fossils, and because
calcareous siltstone and shaly limestone. Abundant fossil finds
Emsian fossils are known from the correlative Temiscouata
within these sections indicate a Pridolian to Gedinnian age (Hall,
Formation near the Maine-New Brunswick-Quebec border (St.
1970).
Peter and Boucot, 1981 ). The Seboomook Formation in northfn the vicinity of Presque Isle (Fig. 3), the Jemtland Formacentral Maine is interpreted as representing an eastward-derived,
tion is overlain unconformably by the Dockendorf Group
westward-prograding prodelta sequence related to the onset of
the Acadian orogeny (Hall et al., 1976; Roy, 1980). Roy and
(Boucot et al. , 1964). This group (Fig. 2, col. 23) consists of
andesite, trachite, rhyolite, and tuff, the upper part of which
Mencher (l 976) describe somewhat similar rocks (Fig. 2, col.
22) south of the Ashland basin (Fig. 3).
interfingers with the Chapman Sandstone (Williams, 1899),
Post-Early Devonian Rocks. Middle Devonian red beds
consisting of greenish brown argillaceous sandstone with minor
beds and lenses of brown mudstone. The Chapman Sandstone, overlie the Dockendorf Group near Presque Isle (Fig. 3), and
in tum, interfingers with dark green, slightly calcareous shale
Mississippian red beds and basalts overlie the units of the Tobiwith sparse thin beds of quartzite that has been assigned to the
que Group in the vicinity of Plaster Rock (Fig. 3). The postSwanback Formation (Boucot et al., 1964). Many of these rocks
Early Devonian rocks are less deformed than the underlying
rocks, and the unconformity at their base is interpreted to mark
are richly fossiliferous and the fossils indicate a Gedinnian age
the end of the Acadian orogeny (Boucot et al., 1964).
(Boucot et al., 1964).
Similar rocks (Fig. 2, col. 24) have been recognized in New
Brunswick, to the northeast, south, and west of Plaster Rock (Fig.
CORRELATIONS
3). There, a Silurian(?) basaltic and felsitic section (Fyffe, 1982)
underlies the Tobique Group (St. Peter, 1978). A lower unit of
the Tobique Group consists of dark gray to dark green siltstone General Statement
and sandstone in beds from a few centimeters to several meters
thick. Minor beds of graywacke, conglomerate, and andesite are
We now consider correlations between lithotectonic belts
intercalated with the siltstone-sandstone sequence. This
with reference to Figure 4. The d iagrams are coded as to age
into eight groups. Jn addition, formations for which age condominantly sedimentary sequence is followed by a dominantly
volcanic section (St. Peter, 1979). The volcanic rocks include straints are good are distinguished from those for which constraints are poor or lacking. In formations with poor age control,
amygdaloidal andesite, andesitic tuff, hyaloclastic tuff, and

21

H. N. Berry IV and P.H. Osberg

NW

SE

NORTHERN MAINE

®

MIRAMICHI

FREDERICTON

ST. CROIX

I

I

I

EL LSWORTH

SAINT JOH N

I

()._

<t:

(!)

<fl

0

z

0

CI:

::<'.

Queen
Ellswort h

?---// r /

I~ :.;v~·6·<i ~ "d'. ?- - =?=?- ~ - _.., /
~a;fai~~E

r?

//
?-

_ _ _ _ _ _ _ _ _ _ _ ..,.,.
/

...- _...

/

~?rook_ '/

/'

/

:_•.: _~. ·--~ ;_f ;"_:_.=~_:·,l_,_l.

// - - - "'\\..?:c._

c = Conglomerate
v = Volcanic rocks
m = Me lang e

/

__.?

NW

@

SE

CASCO BAY· SOUTH-CENTRAL
MA INE
ELLSWORTH

BENNER HILL
()._

I

<t:

SAINT
JOHN

I

(!)

<fl

0

z
~

- - - ? ......-......-

~

?

? - --

Ribby
schist

--

Hutchins
Corner

,,

------ ------- - -----

--

?- - ?
' Upper
>casco
v Bay,
Cape
Eli zabeth

v

Cus!Jing
v

?-

I

I

ST. CROIX

?

I
ISLE SBORO·
ROCKPORT

Figure 4. Schematic correlation among lithotectonic belts. Time-lines divide units into age groups as indicated by patterns; units
with light patterns have poor age control. Columns are compos ite sections based on Figure 2. Silurian-Devonian correlation across
the Kronos gap is precluded, but pre-Ashgillian correlations are considered. Shape of Ashgillian unconformity (emphasized) re flects
distribution of thin and thick Silurian sequences (not to scale). (a) Northern Maine southeast to Saint John, New Brunswick. (b)
South-central Maine east to Penobscot Bay, with Saint John section for comparison. See Editors' Note regarding the stratigraphic
order in the St. Croix belt (4a).

22

Stratigraphy of eastern Maine and western New Brunswick
assigned ages are based on comparisons with fossiliferous sequences.
Figure 4 displays two stratigraphic diagrams, one from
northern Maine southeast to Saint John (Fig. 4a), and the other
from south-central Maine eastward to Penobscot Bay, with the
Saint John section added for comparison (Fig. 4b). The Saint
John belt was included in the Avalon platform of Rast et al.
(1976) and the Avalon zone of Williams ( 1979) because its
sequence of Late Precambrian through Early Ordovician rocks
and Cambrian Old World fauna closely matches that of the
Avalon Peninsula, Newfoundland. The Saint John belt, due to
its Avalon connection, provides an important reference section
to which other belts in the eastern Maine-western New
Brunswick region may be compared (Fig. 2, col. 1). We will
discuss the correlations system by system.

Precambrian
Rocks with established Precambrian ages are exposed in the
Saint John and the Islesboro-Rockport belts. In addition, rocks
that, because of their stratigraphic position or lithic similarity to
established Precambrian rocks are interpreted to be Precambrian,
are found in the Ellsworth, the St. Croix, and the Casco Bay south-central Maine belts. The recognition of volcanic rocks
near Sagwa and on Campobello Island lithologically similar to
those of the Coldbrook Group suggests that the Ellsworth and
Saint John belts were associated with one another in Late
Precambrian time.
The Precambrian sequence on Seven Hundred Acre Island
in the Islesboro-Rockport belt has been equated to the Green
Head Group on the basis of general lithologic similarity
(Stewart, 1974), but the abundance of volcanic rocks in the
Seven Hundred Acre Island section makes it quite different.
Moreover, its radiometric age is more like that of the Coldbrook
Group than the Green Head Group. The overlying Islesboro
sequence (Fig. 4b), interpreted here to be Precambrian, contains
sedimentary facies that are similar to those in the Green Head
Group, but its position above the Seven Hundred Acre Island
section suggests that such a correlation is not valid. We believe
these observations argue against a close connection between the
Saint John and the Islesboro-Rockport belts in the late
Precambrian, although they could have been distant parts of the
same terrane.
In the St. Croix belt, the lower part of the Jam Brook
Formation (Fig. 4b), consisting of marble, quartzitic schist, and
quartzite, is similar in sequence and lithology to part of the
Islesboro seq uence in the Islesboro-Rockport belt. This
similarity suggests that the two belts were associated in the Late
Precambrian.
Rocks of the Cushing Formation in the Casco Bay - southcentral Maine belt (Fig. 4b) contain too much marble to be a good
match with the Coldbrook Group and too much amphibolite to
be equivalent to the Green Head Group in the Saint John belt.
However, the Cushing Formation contains the same spectrum of

lithologies as does the Seven Hundred Acre Island sequence in
the Islesboro-Rockport belt, and on this basis, they might be
correlative.

Cambrian
Fossiliferous Cambrian rocks occur in the Saint John,
Ellsworth, and northern Maine belts (Fig. 4a). Rocks assigned
to the Cambrian because of stratigraphic position and/or lithic
similarity to known Cambrian rocks, are exposed in the Islesboro-Rockport, St. Croix, Casco Bay - south-central Maine, and
Miramichi belts. Sparsely exposed Cambrian sandstones in the
Ellsworth belt in southwestern New Brunswick have lithic
similarity and contain identical fossils to the Ratcliffe Brook
Formation in the Saint John belt, indicating contiguity of the two
belts in the Cambrian. Farther afield, in the Islesboro-Rockport
belt (Fig. 4b), the upper sequence of conglomerate, sandstone,
and gray schist exposed on Islesboro and near Rockport contains
lithologies that are like those in the Ratcliffe Brook section. In
the neighboring St. Croix belt, the upper part of the Jam Brook
Formation is essentially identical to the upper sequence at Islesboro, and if the Megunticook Formation truly overlies the Jam
Brook Formation, the Jam Brook-Megunticook sequence would
be quite similar to the Ratcliffe Brook Formation through Silver
Falls section in the Saint John belt. The Kendall Mountain and
Woodland Formations might represent correlative units in the
eastern part of the St. Croix belt (Fig. 4a).
Rocks assigned to the Cambrian in the Casco Bay - southcentral Maine, Miramichi, and northern Maine belts are sufficiently removed from the Saint John belt that correlations are
more tenuous. However, the fossiliferous Cambrian rocks in the
northern Maine belt consist of sandstones and shales that are
much like the lower part of the Saint John section, and, therefore,
it is conceivable that they might be equated. Rocks regarded as
Cambrian in the Miramichi belt (Fig. 4a) are lithologically
identical to those in the northern Maine belt. Rocks tentatively
assigned to the Cambrian in the Casco Bay - south-central Maine
belt, consisting of interbedded sandstones and shales, might also
be equated to the northern Maine Cambrian rocks, but with less
assurance.

Ordovician
Fossiliferous Ordovician rocks are known in the Saint John,
Benner Hill, St. Croix, Miramichi, and northern Maine belts
(Fig. 4a). In addition, rocks interpreted to be Ordovician occur
in the Ellsworth and Casco Bay - south-central Maine belts (Fig.
4b). Black, sulfidic shales, principally carrying Tremadocian
graptolites, but some with earliest Arenigian fossils as well, are
prominent in the Saint John, St. Croix, and Miramichi belts (Fig.
4a). The black sulfidic shale and melange deposits in the northern Maine belt are, within uncertainty, Early Ordovician as well,
and they may be contiguous with the black shales to the
southeast. Black shales are absent in some sections in the

23

H. N. Berry IV and P.H. Osberg

Miramichi belt, and we interpret their absence to be due to local
erosion. The apparent absence of black shales at this
stratigraphic position in other belts may be due to erosion also.
Alternatively, black shales in the Prison Farm unit of the Benner
Hill belt, the Diamond Island, upper Wilson Cove, and other
units of the Casco Bay - south-central Maine belt are all of
uncertain age, and any of them could be unrecognized Lower
Ordovician strata. The occurrence of lithologically similar
Tremadocian shales in so many of the lithotectonic belts is the
strongest argument that all of the belts in eastern Maine and
western New Brunswick were near each other during the earliest
Ordovician.
The Saint John belt contains no rocks younger than the
Arenigian, so we make use of sections in the northern Maine belt
as reference for rocks younger than Tremadocian. The Shin
Brook Formation, its overlying volcanic sections, the Wassataquoik Chert, and the Chase Lake, Bluffer Pond, and Munsungun
Lake Formations in the northern Maine belt (Fig. 4a) are nearly
identical to the volcanic section near Danforth in the Miramichi
belt, and are sufficiently similar so as to invite correlation with
the Pocomoonshine Volcanics to the north near Benton and
Hayesville. The Spring Point greenstone (upper Casco Bay
Group) in the Casco Bay - south-central Maine belt, although not
dated, occupies a somewhat similar position and so it may be
equivalent. These stratigraphic similarities suggest that the
northern Maine, Miramichi, and Casco Bay - south-central
Maine belts were juxtaposed during the Middle and Late Ordovician.
Extending these correlations to more easter!y belts is far less
certain. Correlations to the east depend, in part, on the nature of
the contact between the Ellsworth and St. Croix belts. If this
contact is sedimentary as McGregor (1965) and Mccutcheon
and Ruitenberg (1987) suggest, there is little reason to separate
the St. Croix and the Ellsworth into distinct lithotectonic belts.
The distinction is significant only if a fault everywhere separates
the two, as suggested by Stewart and Wones (1974). In particular, if the contact between the Ellsworth-Queen Brook Formations and the Tremadocian Calais Formation is stratigraphic,
the Ellsworth Formation would have a stratigraphic position
similar to that of the Pocomoonshine Volcanics in the Miramichi
belt. In fact, the Ellsworth Formation does contain relatively
thin felsic and mafic volcanic rocks, but the Queen Brook
Formation has none. If the Ellsworth-Queen Brook rocks are the
same age as the Pocomoonshine Volcanics and equivalents to the
northwest, they must be related through a facies change in which
the volcanic rocks thin toward the southeast into a dominantly
shaly sequence. The "ribby" schist in the Benner Hill belt is
lithologically similar to the Ellsworth Formation except for its
lack of volcanic rocks. On the other hand, if a fault everywhere
separates the Ellsworth and St. Croix belts, stratigraphic correlations with more western belts are uncertain at best.
The Blind Brook Formation in the northern Maine belt has
the same age and contains some of the same lithologies as does
the Belle Lake Formation in the Miramichi belt (Fig. 4a), sug-
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gesting stratigraphic contiguity between the two belts. This
possibility is strengthened by the occurrence at Becaguimec in
the northern Maine belt (Fig. 3) of limestones that are similar in
age and lithology to limestone interbedded with the Belle Lake
Formation near Waterville, New Brunswick. To the south in the
Casco Bay - south-central Maine belt (Fig. 4b), the Scarboro,
Spurwink, and Jewell Formations (upper Casco Bay Group) lie
above a volcanic unit as does the Belle Lake Formation in the
Miramichi belt, and they have a similar range of lithologies,
consistent with the possibility that the northern Maine,
Miramichi, and Casco Bay - south-central Maine belts were
adjacent to one another in the Caradocian. Correlation with
more easterly belts is uncertain. The Benner Hill sequence in
the Benner Hill belt (Fig. 4b) contains units that are at least in
part the same age as the Belle Lake Formation. However, the
Iithologies and sequence do not make an especially good match
with the section included in the Belle Lake Formation, and if
they are to be regarded as correlatives, a considerable facies
change connects them.
Ashgillian rocks are reported in the northern Maine and
Miramichi belts. These rocks are sufficiently similar to suggest
that they were deposited in close proximity to one another. In
addition, the Carys Mills Formation in the northern Maine belt,
which contains the Ordovician-Silurian systemic boundary, contains a basal conglomerate at Becaguimec (Fig. 3). A lithic
counterpart to basal Carys Mills Formation is exposed in the
northeastern part of the Casco Bay - south-central Maine belt,
where Ludman (pers. commun., 1979) has mapped 5 to 25 cm
bedded limestones intercalated with slates in the cover sequence
south of Danforth (Fig. 3). These basal beds of the Carys Mills
Formation are also like an unnamed sequence of conglomerates,
grits and slate near Danforth in the Miramichi belt (Ludman,
pers. commun., 1988). Farther south in the Casco Bay - southcentral Maine belt, the Carys Mills Formation must thin to a
feather edge, but even near Palermo (Fig. 3) it could be represented by the limestone member of the Hutchins Comer Formation.

Silurian and Early Devonian
Above the Carys Mills Formation, the sequence consisting
of Smyrna Mills, Allsbury, unnamed sulfidic slate, and Lawler
Ridge Formations of the northern Maine belt (Fig. 4a) is nearly
identical in lithology and age to the section consisting of the
upper part of the Hutchins Corner, Waterville, unnamed sulfidic
phyllite, and Sangerville Formations in the Casco Bay - southcentral Maine belt, and as noted earlier, the Silurian sequence of
the Casco Bay- south-central Maine belt (Fig. 4b) would extend
into the turbidites of the Fredericton belt if the intervening
plutons were not present. Although some of the rocks in the
Miramichi belt have the same range in age, comparable sequences are not found there. Even so, conglomerates containing
clasts derived from Miramichi rocks within the Silurian se-
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quence of the Fredericton belt serve to link the Miramichi and
Fredericton belts in the Silurian (Fyffe and Fricker, 1987).
Pridolian and Gedinnian volcanic rocks with minor
sedimentary rocks are exposed in a broad zone across the northern Maine and Miramichi belts. The Spider Lake Formation and
equivalent rocks in the northern Maine belt are similar in lithology and age to the Dorrington Hill and Hartin Formations of the
Miramichi belt (Fig. 4a). Comparable volcanic sections are not
found farther to the south·in the northern Maine belt, or in the
Casco Bay - south-central Maine or the Fredericton belts.
These volcanic and associated sedimentary rocks are
lithologically and temporally similar to rocks in the Ellsworth
belt, but the rocks in the Ellsworth belt cannot have been contiguous because they contain fauna that have Old World affinities, whereas the northern Maine and Miramichi volcanic
rocks contain fauna that are North American. This disctinction
between fauna] provinces is indicated in Figure 4 by the Kronos
gap. The presence of sandstone clasts of the Coldbrook Group
in basal Silurian conglomerates in the Ellsworth belt points to
the closeness of the Ellsworth and SaintJohn belts in the Silurian.
The Carrabassett Formation and at least part of the
Seboomook Formation in the northern Maine belt are lithologically similar to the Pocomoonshine Lake Formation in the
Fredericton belt and to the Appleton Ridge Formation in the
eastern part of the Casco Bay - south-central Maine belt. These
formations are, therefore, tentatively correlated (Fig. 4). If these
correlations are valid, Early Devonian tlysch must have spread
across large parts of the Fredericton, Casco Bay - south-central
Maine, and Miramichi belts.

TECTONIC EVOLUTION
Neuman ( 1984) has claimed that Arenigian rocks from the
northern Maine and Miramichi belts include Celtic fauna, which
he argues are distinct from those that inhabited North America.
He interprets the Celtic assemblage as an island community,
isolated by its environment, but with sporadic incursions of both
North American and Old World forms. We interpret the area
over which the Celtic assemblage occurred to include at least the
northern Maine, the Miramichi, and possibly the Casco Bay south-central Maine belts, and we name this paleogeographic
region the Celtic archipelago.
If this interpretation is correct, the Celtic fauna in the
northern Maine and Miramichi belts indicate that a faunal barrier
(lapetus Ocean) separated these belts from North America
during at least earliest Ordovician time. The longevity of the
Celtic archipelago has been discussed by Neuman ( 1984). The
Celtic biogeographic province was established in Arenigian time
and lasted into the Llanvirnian. Neuman (1984) states that
during the Llandeilian and Caradocian, the Celtic habitat ceased
to exist and the fauna of northern Maine and Miramichi adopted
North American characteristics, suggesting that these lithotectonic belts were in close proximity to North America at that time.

The Caradocian volcanic rocks in the northern Maine belt, which
may have an arc-type chemical signature (Hynes, 1976), probably were erupted during the closure of Iapetus.
The eastern limit of the Celtic archipelago is questionable.
The stratigraphic linkages of the northern Maine, Miramichi, and
Casco Bay - south-central Maine belts to the more easterly belts,
although permissive of continuity, do not require it, and the
identification of faunal realms that might serve to delineate the
Celtic archipelago is beset by controversy. Boucot et al. ( 1972)
and Boucot ( 1973) argue that Caradocian fossils in the Benner
Hill belt are Old World, and if this is the case, a fauna! boundary
must have existed in Caradocian time and possibly earlier between at least the Benner Hill and the Miramichi and northern
Maine belts, which both contain North American Caradocian
fauna. Thus, if Boucot's interpretation of the Benner Hill fossils
is correct, the Celtic province encompassed only the northern
Maine, the Miramichi, and possibly the Casco Bay - southcentral Maine belts. The more easterly belts (Avalon?) were
separated by a pre-Silurian ocean from the Celtic province and
belonged to an Old World province. On the other hand, if
Boucot's interpretation is incorrect as suggested by Neuman
( 1973), there is little reason to postulate a pre-Silurian ocean
within the lithotectonic belts defined in this paper, and the Celtic
province would extend eastward into the Saint John belt. The
Celtic archipelago and Avalon would be one and the same.
If an eastern pre-Silurian ocean existed at all in Cambrian
through Ordovician time, it must have been located between the
Celtic archipelago and the Ellsworth - Islesboro-Rockport - Saint
John belts, since these eastern belts have stratigraphic linkages
to one another. But the position of the St. Croix belt relative to
this ocean is uncertain. If the contact between the Ellsworth and
the St. Croix belts is sedimentary, the St. Croix belt would have
been linked to the Ellsworth belt, and the pre-Silurian ocean
wou ld lie west of the St. Croix. But if a major fault exists along
the St. Croix-Ellsworth contact, there are no constraints as to the
position of the St. Croix belt; it could lie either east or west of
the pre-Silurian ocean.
Although the ex istence of an eastern pre-Silurian ocean is
uncertain, it is clear that an ocean did exist to the west of the St.
Croix belt from Silurian into Early Devonian time. This is
indicated by Silurian - Devonian stratigraphic linkages between
the Casco Bay - south-central Maine and Fredericton belts and
between the St. Croix, Ellsworth, and Saint John belts. These
linkages and the occurrence of North American fauna in the
northern Maine and Miramichi belts in contrast to Old World
fauna in the Ellsworth belt indicate that a barrier to the migration
of fauna existed across what is now the western boundary of the
St. Croix belt. Because the Silurian to Early Devonian sedimentary rocks that blanket the lithotectonic belts are marine, we
conclude that the barrier was an ocean, which we call the Kronos
Ocean. In the Late Silurian and Early Devonian, the Kronos
Ocean was of sufficient width to prevent the migration of faunal
elements. This ocean could have existed earlier, during the
entire Silurian, without having its consequence to fauna! migra-
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tion register because of the cosmopolitan character of fossils
during most of the Silurian (Cocks and McKerrow, 1977).
Figure 5 shows schematically our view of the tectonic
events surrounding the closings oflapetus and the Kronos as they
affect the lithotectonic belts under discussion. All of the belts in
eastern Maine and western New Brunswick are interpreted to
have continental basements, based on the abundance of felsic
volcanic rocks in their stra tigraphic records and the presence of
S-type plutons that intrude them.
Two schemes are shown because of the uncertainty about
the existence of the Kronos in the Cambrian and Ordovician. In
the first scheme (Fig. 5a) the Kronos Ocean is assumed to have
existed only from Early Silurian through Early Devonian time.
In this model the Celtic archipelago included all of the lithotectonic belts described in this paper, and its eastern limit is beyond
the area of this study. Regionally, we interpret the archipelago
to have been at the western edge of Gondwana, as suggested by
Neuman ( 1984). It was bordered to the west by the eastern
Iapetus Ocean that separated it from the Chain Lakes terrane.
The Chain Lakes terrane was in rum separated from North
America by the western Iapetus Ocean.
The eastern Iapetus Ocean closed from Late Cambrian into
earliest Arenigian time along a west-dipping subduction zone
located on the east side of the Chain Lakes terrane. The polarity
of this subduction zone is suggested by the contiguity of
Tremadocian black shales in the Miramichi belt with the black
shale-me lange deposits of the northern Maine belt. If we consider the Tremadocian black shales to be trench deposits, from
east to west we encounter trench deposits, melange containing
ophiolitic fragments, and in the Lobster Lake anticlinorium (Fig.
3), accretionary wedge deposits (Boudette, 1982; Boone, this
volume), implying a west-dipping subduction zone. The lack of
arc-type volcanic rocks of Late Cambrian to earliest Ordovician
age on the Chain Lakes terrane may suggest that collision was
oblique, or their absence may be due to their partial erosion, or
they may be hidden under the thick and extensive cover of
Devonian rocks. In any event, the final closing of the eastern
Iapetus resulted in the Penobscottian orogeny, which is not very
strongly expressed in the area of this study. This closure brought
together the Chain Lakes terrane and the Celtic archipelago.
From Llanvirnian time into the Caradocian, the western
Iape tus closed along an east-dipping subduction zone developed
on the west side of the Chain Lakes terrane. A consequence of
this subduction was the construction of an arc-type volcanic pile
on the remnants of the Chain Lakes terrane and the western part
of the northern Maine lithotectonic belt. This volcanic edifice
rests in part unconformably across the Tremadocian black shale
and melange deposits of trench origin in the northern Maine belt.
To the east in the Miramichi belt, the compositions of the
volcanic rocks give way to rocks having within-plate characteristics, suggesting a back-arc basin (van Staal, 1987). The
western Iapetus Ocean closed by subduction beneath the combined Chain Lakes terrane and Celtic archipelago terrane, and
thi s closure finally led to the collision of this terrane with North

America in the Taconian orogeny, the effects of which were
either relatively mild in northern New England and western New
Brunswick or more probably are partly confused with younger
tectonic features.
In this model (Fig. 5a), the rifting that opened the back-arc
basin to the east of the Caradocian volcanic arc continued into
the Silurian. The thin and thick facies of the Silurian sections
represent deposits in a rifting environment, and the bimodal
volcanic rocks with possible within-plate characteristics in the
Ellsworth belt represent rift-type volcanic rocks erupted onto
extending crust during the opening of the Kronos. Greenstones
of the North Haven Formation could be a remnant of the crust
of the Kronos. What started as a back-arc basin developed into
an ocean wide enough that, by the Late Silurian, the migration
of fauna across it was barred. The Kronos Ocean had its maximum width in early Late Silurian, and after that time the ocean
started to close by subduction westward beneath medial New
England and possibly intermittently eastward along the west side
of Avalon. A substantial volcanic arc was formed across the
northern Maine and the Miramichi belts during the latest Silurian
and into the Early Devonian, and local accumulations of arc-type
volcanic rocks may be superimposed on the rift-type volcanic
rocks in the Ellsworth belt. By Siegenian time the Kronos Ocean
had been reduced in width so flysch spread across it in front of
advancing Avalon. This flysch deposit blanketed much of the
Casco Bay - south-central Maine and the northern Maine belts,
nearly smothered the remaining volcanic arc, and spread
westward through gaps in the arc into the foreland beyond. In a
short span of time, between the Emsian and the Givetian, Avalon
collided with North America in the Acadian orogeny, which
imposed a complex array of structural features on the rocks of
the region. This scheme of tectonic events is compatible with
that proposed by Robinson and Hall ( 1980) for southern New
England.
Figure Sb depicts an allemative tectonic scheme, permitted
by the uncertainties of the stratigraphic relationships, in which
the Kronos Ocean is assumed to have persi sted from Cambrian
time unti l the Early Devonian. The Celtic archipelago, underlain
by the northern Maine, Miramichi, and Casco Bay- south-central
Maine belts, as in the previous scheme was separated to the west
by the Iapetus Ocean from North America, but to the east it was
separated by the Kronos Ocean from Avalon. The Celtic archipelago existed from at least Early Cambrian time into the
Llanvirnian. Avalon, which included the Benner Hill , IslesboroRockport, St. Croix, Ellsworth, and Saint John belts, may have
been a part of Gondwana, but after the opening of the Rheic
Ocean in the Early Silurian it was attached to northern Europe
outboard of Gondwana into Carboniferous time (Cocks and
Fortey, 1982).
As in the scheme shown in Figure 5a, the eastern Iapetus
was closed along a west-dipping subduction zone beneath the
Chain Lakes terrane, culminating in a collision between the
Celtic archipe lago and the Chain Lakes terrane in latest
Cambrian to earliest Ordovician time, in the Penobscottian
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orogeny. The western lapetus Ocean closed along an east-dipping subduction zone beneath the western margin of the Chain
Lakes terrane, affecting the northern Maine belt by the construction of a volcanic arc across it and affecting the Miramichi belt
by the venting of within-plate volcanic rocks suggesting an
active back-arc basin. The amalgamated Chain Lakes and Celtic
archipelago terrane collided with North America in Caradocian
time producing the Taconian orogeny.
Special to this model (Fig. Sb), the Kronos Ocean of unknown width separated the Celtic archipelago and Avalon from
Cambrian time to the end of the Early Devonian. The Kronos
Ocean began to close in the Silurian on subduction zones along
both of its margins as suggested by McKerrow and Zeigler
(1971) and Bradley (1983). Subduction along the east side of
the Kronos is thought to have been initiated in the Llandoverian
and continued into the Gedinnian, because of the occurrence of
possible arc-type volcanic rocks of that age range in the
Ellsworth belt (Thirlwall, 1988; for opposing view see Gates and
Moench, 1981; Pinette and Osberg, 1989). Subduction along the
west margin of the Kronos Ocean was initiated in Late Silurian
time and continued intermittently until the Emsian.
Subduction beneath the amalgamated Celtic archipelago Chain Lakes - North American craton produced a large volcanic
arc in the northern Maine and Miramichi belts. The situation on
the western margin of the Kronos in the Late Silurian was
perhaps analogous to modem subduction of the Mediterranean
plate beneath the Aegean plate near Crete, where the Mediterranean oceanic plate is under compression, and the Aegean
continental plate is under extension (Le Pichon, 1982). This has
produced, in the Aegean plate, a series of graben-like, sedimentfilled oceanic basins that extend back into the volcanic arc. We
imagine that horst and graben features in the northern Maine,
Miramichi, and Fredericton belts suggested by their thin and
thick Silurian sedimentary facies could have had a similar origin.
As the Kronos Ocean closed and Avalon approached the
eastern margin of North America, flysch spread westward from
Avalon onto the submerged portions of North America and
nearly covered the vestiges of the volcanic arc. Toward the end
of Emsian time, Avalon and North America collided in the
powerful Acadian orogeny, which produced great crustal thickening and intense polydeformation of the Paleozoic cover rocks.
Acadian orogenic activity in this region must have been shortlived, approximately lO Ma, because relatively undeformed
Givetian red beds unconformably overlie the older Devonian and
pre-Devonian sections.

Final Comment
The stratigraphic analysis which is the main basis for this
study obviously must be combined with petrologic and structural
information in order to make a satisfactory tectonic synthesis,
but even if such information is added, the uncertainties in current
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knowledge in all fields make isolation of a singular model
impossible. We have presented two models that are in ageement
with the geology as we know it. Other interpretations of the
stratigraphy and petrologic character of the volcanic rocks are
possible, but we feel that most differences could be acommodated by the models presented above. For example, the
Casco Bay Group and the Ellsworth Formation could conceivably be Precambrian and may not correlate with other units in the
region. Even so, the range of stratigraphic permutations that
could be entertained would alter the tectonic schemes presented
above only in detail.
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EDITORS' NOTE
Graptolites recently discovered in the Kendall Mountain
Formation by L. S. Fyffe have been identified by John Riva as
Middle Caradocian (A. Ludman, written commun., 1989). This
new information arrived too late to be incorporated in the text.
The Kendall Mountain Formation, shown incorrectly here (Fig.
2, col. 12, and Fig. 4a), belongs at the top of the Cookson Group,
above the Calais Formation rather than below it. In addition,
Ludman now favors assigning the Pocomoonshine Lake Formation to the Fredericton belt (Fig. 2, col. 16), rather than the
Cookson Group (Ludman, 1987), but its age is still uncertain.
While the graptolite age invalidates correlation between the
Megunticook and Kendall Mountain Formations, it suggests that
correlation between the Benner Hill sequence and Kendall
Mountain Formation might now be considered. In addition, the
volcanic component of the Kendall Mountain Formation suggests ties with the Caradocian volcanic sections to the northwest.
These considerations do not detract from the conclusions of the
paper, but reemphasize the regional importance of the Benner
Hill faunal provinciality.
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ABSTRACT
The Hurricane Mountain Formation, which crops out nearly continuously for more than 160 km (100 mi) along
the entire length of the Lobster Mountain anticlinorium, is described and interpreted as a polymictic, tectonic
melange that contains olistostromal antecedents. It is believed to be mainly Middle to Upper Cambrian in age, based
on sparse paleontologic evidence. An isotopic apparent age of 540 Ma, determined for an amphibolite megaclast,
sets an approximate maximum age limit for the accumulation of the melange in the Indian Pond area, southwest of
Moosehead Lake. Metagabbro of intrusive origin yields a preliminary isotopic apparent age of 485 Ma on calcic
amphiboles of its metamorphic assemblage. This indicates an Early Ordovician minimum age for the melange and
the Penobscottian metamorphic event. The formation is interpreted from structural relationships at regional and
small scales to be overlain unconformably by formations as old as Middle Ordovician, which are much more simply
deformed. The Hurricane Mountain Formation, although it is polydeformed and regionally metamorphosed to low
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metamorphic rank, nevertheless preserves many accretionary tectonic features akin to modern examples in
fore-arcs of active plate margins.
The melange exhibits a tectonic fabric throughout much of its semipelitic to pelitic matrix. Those parts of the
formation containing abundant clasts of sedimentary parentage show evidence of an early olistostromal history.
Strata! disruption is moderate to extreme. Boulder-in-matrix (argille-a-blocs) fabrics are also documented.
Metabasaltic and metagabbroic rocks were emplaced both by magmatic intrusion, as well as by faulting and
disruption of volcanfc rocks. Small phacoidal lenses of felsic volcanic ash protolith form a minor but pervasive
component of the matrix. Clasts of endogenous and exotic origins range in size from the microscopic to examples
that exceed 1.5 km in length. Metabasite blocks show a range of metamorphism from lower greenschist to middle
amphibolite facies. Those of higher grade than the pervasive, white mica - chlorite grade of the matrix indicate by
their sharp structural and metamorphic discontinuities at their contacts that they attained their higher grade
assemblages prior to final tectonic emplacement. A medium-pressure, low- to medium-temperature P/T trajectory
is inferred for this phase of Penobscottian metamorphism. Compositions of sodic-calcic amphibole in one megaclast,
however, indicate metamorphism at high pressure and low temperature.
The Hurricane Mountain Formation is tectono-stratigraphically correlated with other units containing melange
characteristics in the Caucomgomoc inlier, Chesuncook dome, and Munsungun anticlinorium. It is considered to
be a major component of a suture zone between two amalgamated exotic terranes, the Boundary Mountains terrane
to the northwest, and the Gander to the southeast. As such, it is a key to the underlying cause of the Penobscottian
orogeny.

INTRODUCTION
The purposes of this contribution are twofold: first, to
describe the overall characteristics of a Cambrian to Lower
Ordovician (?) olistostromal and tectonic melange that is characteristic of most of the Hurricane Mountain Formation; and
second, to focus in detai 1on some of its structural and petrologic
characteristics that give clues to the tectonic environment in
which it formed. In its descriptive aspects, this paper forms what
may be considered the first of a two-part discussion of pre-Middle Ordovician, accretionary tectonics as developed from
geologic mapping in Maine. The second part emphasizes the
regional geologic framework, and proposed tectonic kinematics
of pre-Taconian amalgamation of a suspect exotic terrane, the
Boundary Mountains Terrane (floored by sialic basement that is
believed to be composed of granofels and gneiss as exposed in
the Chain Lakes massif), with another, believed to be the Gander
(Boone and Boudette, 1989). This orogenic event, which is
restricted to supracrustal cover rocks of Late Precambrian(?),
Cambrian, and Early Ordovician age, is assigned to the
Penobscottian orogeny (first named the Penobscot disturbance
by Neuman, in Neuman and Rankin, 1966; Neuman, 1967). The
interpretive accretionary tectonic model is herein referred to and
refined.
The Hurricane Mountain Formation is a polydeformed tectonite, and of low metamorphic rank. Structures within it are
believed to record two orogenies, the Penobscottian, in late
Cambrian to earliest Ordovician time, and, more than 100 million years later, the Acadian. In contrast, along the belt of the St.
Daniel melange (Baie Verte - Brompton line; Williams and
St-Julien, 1982) that is believed to delineate the northwest margin of the Boundary Mountains/Gander composite terrane
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(Boone and Boudette, 1989), orogenic expression in penetrative
deformation is Taconian and Acadian. Whereas the Taconian is
considered to record arc - continent collision in central and
southern New England (e.g., Stanley and Ratcliffe, 1985), it may
more fundamentally represent collision involving the Early Ordovician Laurentian continental margin and a sial-floored terrane or composite terrane (Boone and Boudette, 1989), upon part
of which, the Bronson Hill arc (Stanley and Ratcliffe, 1985;
Aleinikoff, 1977), and possibly the Ascot - Weedon arc (cf.
discussion in Cousineau, 1987), were constructed.
Observations are presented in succeeding sections and in
Boone and Boudette ( 1989) to support the argument that
Taconian deformation in the pre-Silurian anticlinoria of centralwestern, and north-central Maine produced neither a regional,
penetrative deformational fabric nor a distinctive and
widespread fold geometry. This study concurs with the views
earlier put forth by Neuman ( 1967) and Hall (1970), that the
dominant deformation is pre-Taconian, i.e., pre-Middle Ordovician, and that Taconian deformation is relegated to broad
warping, and possibly localized open folding and high-angle
faulting. The view that Taconian penetrative deformation is
absent in this area, however, stands mainly on negative evidence,
for there are no isotopic dates on micas in cleavages, especially
as they relate to the polydeformed, pre-Silurian strata of this
region. Field structural and stratigraphic determination of the
age of penetrative deformation in these rocks is further hampered
by the presence of at least two generations of cleavage within
the western and south-central tracts of Silurian and Devonian
strata of the Kearsarge - central Maine synclinorium (e.g.,
Moench and Zartman, 1976, and Osberg, 1974, respectively).
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Along the northwestern margin of the synclinorium, however, as
well as in the Moose River synclinorium, there is a striking
contrast in penetrative fabric between the Silurian and Devonian
strata, on the one hand, and the pronounced polydeformed,
pre-Middle Ordovician strata of the Lobster Mountain anticlinorium (Fig. 1), on the other. Middle to Upper Ordovician
metavolcanics, metavolcaniclastic rocks, and slate in the anticlinorium are deformed and cleaved as if they were subjected
to the same deformational regime as imprinted upon the Silurian
and Devonian strata. The absence of deformation in dated
post-Acadian, Devonian plutons in western and northern Maine
(e.g., Boone a nd Gaudette, in prep.; Loiselle et al., 1983;
Hubacher and Lux, 1985) indicates that the younger regime in
this part of Maine must be the Acadian, and therefore the only
deformational regime to have affected the Middle and Upper
Ordovician strata is, likewise, probably Acadian.
If widespread Taconian folds and cleavage lurk undetected
amidst the Penobscottian and Acadian structures of the Lobster
Mountain anticlinori um, the Taconian structures would be essentially coaxial and coplanar to those of the Acadian. The essentials, however, of the argument to follow would not be
invalidated. The belt of intense Taconian orogenic deformation
appears to be confined to several tens of ki lometers astride the
Baie Verte - Brompton line, as documented in the internal and
external zones of the Quebec Appalachians by St-Julien and
Hubert (1975). This structural zone probably extends deeper
into the Cambrian - Ordovician cover sequences above Grenvillian basement (St-Julien et al., 1983) to the north and west of
(structurally below) the St. Daniel belt, than it does into the cover
sequences to the south and east, overlying the Chain Lakes
basement of the Boundary Mountains terrane. This is believed
to be so, not only from mapping referred to in this report, but
because interpretation of the Quebec - western Maine seismic
profile (Stewart et al., 1986) strongly indicates that Chain Lakes
basement is thrust over Grenvillian basement; this carries the
implication, adopted in this paper and in Boone and Boudette
( 1989), that the covering, pre-Middle Ordovician formations of
the Boundary Mountains and Lobster Mountain anticlinoria
were transported with the Chain Lakes as a structural unit, i.e.,
terrane. If Taconian penetrative deformation extends farther
southeastward, at least into the western and north-central Maine
ant iclinoria, however, an alternative model would be rendered
more viable: Osberg {pers. commun., I 987) has proposed tha t
the St. Daniel and Hurricane Mountain belts of ophiolite and
melange represent a single suture zone, broadly ofTaconian age,
structurally repeated by Acadian fold and thrust tectonics. Differe nce in ages of melanges, ophiolitic rocks, and cover sequences would, according to his model, apparently reflect different
portions of pre-Taconian oceanic crust and Taconian fore-arc
elements that now appear as segments in fold - thrust sequences.
Boone and Boudette ( 1989) present evidence in favor of the
western and cen tral Maine orthotectonic zones of melange as
having marked a lithospheric plate boundary distinct, in time and
location of suturing, from the Baie Verte - Brompton line. This

boundary, termed the Hurricane Mountain belt, extends northeastward from the Lobster Mountain anticlinorium and Chesuncook dome (Fig. I), to include belts of melange of broadly
similar age, in the Caucomgomoc inlier, the Munsungun anticlinorium, and the Lunksoos 1 anticlinorium (Boone and
Boudette, 1989). The Hurricane Mountain belt is interpreted as
a suture zone between the sial-floored Boundary Mountains
terrane, to the present-day northwest, and another terrane, also
initially having a sialic basement, probably the Gander, to the
southeast.
The geometry of the Hurricane Mountain Formation
probably is not stratiform; furthermore, if its identity as an
ancient accretionary complex is correct, the minimum age of the
Hurricane Mountain Formation would be based on its cover of
fore-arc basin deposits over those portions of melange that had
become tectonically inactive. Assuming present-day
southeastward polarity of subduction, the oldest part of the
accretionary complex would be found southeast of the Lobster
Mountain anticlinorium, and thus would lie buried beneath
younger strata of the Kearsarge - central Maine synclinorium.
The exposed part of the complex in the Lobster Mountain
anticlinorium, from whic h virtually all information on the Hurricane Mountain Formation has come, is probably but a small
fraction of the whole, if modem analogs are appropriate. Although the Hurricane Mountain Formation has been mapped as
essentially stratiform within the 5 to 10 km of cross-strike
exposure, it is believed to have originated as an accre ticr:~ry
wedge, or prism. The geology of the melange holds intrinsic
interest if only from the point of view of its antiquity within the
Appalachian tectonic framework.
One of the aims of microstructural study of drill core
samples of the Hurricane Mountain Formation taken from the
anticlinorium in the Brassua Lake and The Forks quadrangles
(Fig. I) was to learn whether the tectonic environment of
melange formation involved mainly dip-slip thrust motion, or
whether a strike-slip component, which might signify oblique
subduction, could also be recognized. This depends entirely on
recognition of earliest incremental strain patterns and theirorientations. Earliest microstructures and their original orientations
can be identified only if younger strain geometries can be recognized and analytically retrodeformed. Without isotopic dating
of individual foliation sets, this problem has been approached
using the usual geometric criteria of superimposed structural
elements. Obtaining knowledge of net slip, and inferring the
tectonic environment of this early Paleozoic melange-forming
event depend heavily on comparison with microstructural elements formed in modern tectonic environments of active plate
margins. Comparison with modem accretionary complexes is
remarkable for the similarities encountered. This implies, but
does not prove, that all Hurricane melange microstructures thus

1

Cf. Boone and Boudene ( 1989) in which the name. Weeksboro • Lunksoos Lake an·
ticlinorium is abbreviated to Lunksoos anticlinorium.
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Figure I. Geologic map of Lobster Mountain anticlinorium and Chesuncook dome. Patterned areas represent pre-Middle Ordovician
formations of the Lobster Mountain anticlinoriurn, and those subjacent to Saw Mill and Southeast Cove Formations of the Chesuncook
dome, and show relationship of Hurricane Mountain Formation to the following pre-Silurian formations: Boil Mountain Ophiolite,
Jim Pond Fm., Dead River Fm., Kennebec Fm., Lobster Mountain volcanics (modified from Osberg et al., 1985). Silurian and
Devonian formations northwest of the Lobster Mountain anticlinorium occupy the Moose River synclinorium; those east of 69°45'
and south of - 45°55 ' occupy the Roach River synclinorium; the remainder, south of 45°30', occupy the Kearsarge - central Maine
synclinorium.
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Figure I. Continued.
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compared originated in one tectonic episode, i.e., the Penobscot
event.
To recognize whether or not a penetrative Acadian cleavage
or foliation is superimposed and thus modifies earlier foliations
in the Hurricane Mountain Formation depends on: (a) similar
orientations of analogous structural features in the Hurricane
Mountain Formation and in younger, post-Penobscot, preAcadian formations, (b) comparable lithic heterogeneity of the
affected layered metasedimentary successions, and (c) to what
extent earlier fabric anisotropy has affected the orientations of
later microstructural features. Furthermore, recognizing
Penobscottian structural elements depends on whether it can be
demonstrated that the Taconian orogeny as a pervasive cleavageforming event had been confined mainly to the region northwest
of the Boundary Mountains anticlinorium.
Latest folds in the polydeformed rocks of the Lobster Mountain anticlinorium and Chesuncook dome (Fig. 1) are upright and
contain an axial surface, spaced cleavage that has transposed
earlier cleavage elements. The axes and associated axial surface
cleavage of these folds are approximately colinear and coplanar,
respectively, to those elements in Acadian folds in Middle to
Upper Silurian and Devonian strata flanking these major uplifts.
These similarities provide a point of departure in sorting out
identities and relative ages of foliations. Based on comparison
of structural elements and their orientations, the present study
suggests that both dip slip and strike slip components of displacement in the Hurricane Mountain melange are present; if both
were formed in the Penobscot event, the net effect may be
interpreted as recording transpressional strain in the accretion of
the melange.
Three formations comprise the pre-Middle Ordovician
rocks in the Lobster Mountain anticlinorium. In tectonostratigraphic order, from oldest to youngest, they are the Jim
Pond (Baudette, 1978, 1982), the Hurricane Mountain (Boone,
1983, 1985) and the Dead River Formations (Boone, 1973 ).
Each is composed of di stinctly different bulk compositions that
responded differently to development and modification of foliations. The Jim Pond Formation, which contains abundant mafic
and felsic metavolcanic rocks, exhibits tight to open folds, and
apparently was the most competent of the three during folding.
A predominant axial planar cleavage to mesoscopic folds, of
unknown age, in metasedimentary and meta-volcaniclastic rocks
of the Jim Pond Formation, is locally folded and mildly overprinted by a second, presumably Acadian cleavage. In order of
decreasing competency are the remaining two formations: the
Hurricane Mountain Formation, composed largely of
metasiltstone, quartzwacke, with slate and phyllite in much
subordinate proportion, and the Dead River Formation, a flysch
sequence composed of roughly equal proportions of slate or
phyllite, and feldspathic, chlorite-rich arenite. In the order
given, polydeformation is most evident in the Dead River Formation, in which an Acadian component of refolding and
cleavage transposition is well documented (Burroughs, 1979).
This unit is extensively polydeformed, di splaying a strong
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transposition of S 1 cleavage and refolding of F 1 folds into tight
to isoclinal, F2 upright folds. These folds range in scale from
millimeters to several meters (Burroughs, 1979). They are interpreted as drag folds, satellitic to major, Acadian F2 folds that
produce much of the structural repetition of formations at quadrangle map scale as, for example, in the Pierce Pond quadrangle
(Boone, 1985). Counter to impressions gained from study of the
Dead River Formation, penetrative strain caused by Penobscottian deformation in the predominantly metasiltstone matrix
lithology of the Hurricane Mountain Formation is believed from
this study to be much more intense than that produced by the
Acadian. If this interpretation is correct, the Hurricane Mountain Formation, in bulk, responded more effectively to strain
hardening prior to the Acadian than did the Dead River Formation. On the other hand, beds of metapelite in the Dead River
flysch succession may show greater response to polyphase deformation in terms of striking examples of refolded folds at microand mesoscopic scales, owing to a more pervasive contrast in
competency (P.H. Osberg, pers. commun., 1987) between the
interbedded pelitic and chloritic wacke lithologies characteristic
of this flysch unit. The view that most of the foliations that form
a penetrative fabric in the Hurricane Mountain Formation are
Penobscottian, therefore, depends heavily on the close correspondance of this fabric with examples from geologically
younger melanges in present-day accretionary complexes.
Anastomosing shear cleavages in the Hurricane melange
truncate very fine-grained compositi onal laminations and curve
into a quasi-layer-parallel, shear foliation. These microstructures, so prevalent in the Hurricane melange, are interpreted as
having begun to evolve within the growing volume of melange
while deposition of sediment and olistostromal transport were
occurring at, and near the sediment - water interface. Most of
these microstructures are assigned to the Penobscot event, rather
than to younger Taconian or Acadian events, because locally
they are variously recrystallized in relict homfels of a narrow
contact aureole against a metagabbro sill-like body of intrusive
origin. A preliminary 40Ar/39Ar minimum metamorphic age of
approximately 485 Ma for the metagabbro has been determined
(see section on isotopic dating). Evidence is cited in the section
on metamorphism to support the interpretation that the age of
gabbro intrusion , and maximum age of its polythermal,
retrograde metamorphism, may be significantly older. Kennebec Formation feeder dikes that cut the Hurricane melange
show a single, rough cleavage that can be seen in core specimens
to extend into the Hurricane melange on a scale of millimeters
to centime ters. If the Kennebec cleavage is Acadian, as
proposed, this view also would support the contention that most
of the microstructures in the melange were formed prior to
Middle Ordovician time, based on the stratigraphic age of the
Kennebec Formation. In the central part of the Brassua Lake
quadrangle, a spaced fracture- and transposition (crenulation)
cleavage, believed to be Acadian, modifies only slightly the
earlier Pennobscottian structures (Doty, 1987). Except near late
fault zones, localized overprints of kink-banding have not
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obscured a wide variety of early, accretion-related structures in
the melange of the Hurricane Mountain Formation. These are
disc ussed in succeeding sections.
Throughout the Lobster Mountain anticlinorium, the preSi lurian rocks are metamorphosed to regional metamorphic
grades ranging from prehnite-pumpellyite to lowermost
greenschist facies. Acadian regional metamorphism, as
recorded in the Silurian and Devonian strata surrounding the
anticlinorium, is isofacial with the pre-Silurian rocks south of
about 45°40' (Fig. I), but northward, it decreases such that
g lauconite is found in Silurian sandstone of the Ripogenus
Formation. Absence of higher-grade, regional relic t assemblages within the polydeformed matrix of the Hurricane
Mountain melange, s uggests that its pre-Acadian, i.e.,
Penobscottian, metamorphic history involved similarly low
temperatures, and sub-blueschist confining pressures. Relict
cordierite porphyroblasts and deformed, pinite pseudomorphs
are preserved in relict hornfels of melange matrix where intruded
by feeder dikes of the Middle to Late Ordovician Kennebec and
Lobster Mountain volcanic formations. High-grade amphibolite
facies assemblages attributed to pre-Penobscottian, oceanic fracture zone metamorphism, or to early Penobscottian metamorphism are also preserved in exotic blocks of metavolcanic origin
in the Hurricane melange (Frost and Boone, 1978; Boone, 1983).
Other than rare porphyroclasts of garnet, evidence is lacking that
the melange matrix was subjected to regional me tamorphic
grades higher than greenschist.
An Acadian metamorphic overprint is interpreted for the
low temperature portions of 40Ar;3 9Ar release spectra of
hornblendes in amphibolites within the melange. Chlorite grains
in the melange matrix show both anomalous blue, as well as
brown interference colors, which indicate disequilibrium assemblages. Thus far, textural evidence on which to assign the
different chlorites to stages of a single, polythermal event, or to
polymetamorphic events, has not been recognized.

Previous Work
Boucot et al. ( 1959) mapped and described a section of rusty
metasiltstone and slate, now assigned to the Hurricane Mountain
Formation, on Spencer Stream. In 1969, I and Syrac use University students began inc h-to-the-mile mapping of the pre-Silurian
rocks in the Boundary Mountains and Lobster Mountain anticlinoria. Serra (1973) mapped and interpreted the structure of
the pre-Silurian strata in the Spencer Lake, Maine, 15' quadrangle, while I was engaged in mapping the same rocks in the
neighboring Pierce Pond quadrangle (Boone, 1985). We both
recognized a prevale nce of flaser structure in the Hurricane
Mountain Formation, but interpreted it mainly as a depositional
featu re. Clasts of massive gray limestone, quartzite, and sparse
metavolcanic rocks were noted, but the full impact of melange
characteristics of the Hurricane Mountain Formation remained
elusive in streambed and forest outcrops until the mid-'70 's
when large rafts of quartzite and ultramafic rocks in the Pierce

Pond quadrangle, and exotic blocks of greenschist and amphibolite (Frost, 1977; Frost and Boone, 1978) were recognized
in the Hurricane Mountain Formation in the Brassua Lake 15 '
quadrangle, where the melange is best exposed, drilled, and its
polymict and exotic aspects of clasts best displayed. Remapping
of selected parts of the Hurricane Mountain Formation in the
Pierce Pond quadrangle revealed ophiolitic and quartz-rich
metasedimentary exotic blocks that previously had been interpreted as intrusives and autochonous bedded successions,
respectively. The following description of melange of the Hurricane Mountain Formation expands upon that in Boone and
Boudette (1989), with the addition of new data and observations.

LITHOLOGY OF THE HURRICANE MOUNTAIN
FORMATION MELANGE
Reference is made in this section and the following, to
melange types defined by Cowan (1985). In brief, they are:
progressive strata! disruption of sandstone and mudstone (type
I; see Fig. 2a, and drill-core sample, 2c), and mudstone, tuff,
chert, and sandstone (type II) successions (Fig. 2c upper photo,
d, e, f; Fig. 6b). Type III includes polymictic, chaotically
deformed (or "churned") masses (Fig. 3d) in which the blocks,
or clasts, record multi-stage tectonic events, the entire assemblage being "ready made" (Cowan, 1985) by the time of
final emplaceme nt, as opposed, evidently, to subsequent deformation following assembly of the enclosing part of the accretionary complex. Type IV comprises brittly faulted mudstone
(Cowan, 1985) and presumably siltstone. Much of the Hurricane
Mountain melange is believed to strongly resemble the Franciscan melange of the Pacheco Pass area, California, described by
Cowan (1974). In the Hurricane Mountain melange, commonly
there are gradations between types I and II into penetratively
sheared and faulted type IV. Boulder-in-matrix varieties (type
III) are found locally throughout the strike belt of the formation.
The lithology of the fine-grained, most pervasive part of the
formation is discussed first, followed by description of the
categories of clasts.

Matrix Lithology of the Hurricane Mountain Formation
The term matrix refers to metasiltstone, slate, or phyllite,
both in parts of the formation in which exotic or endogenous
clasts abound, as well as in those parts in which clasts are
microscopic, or nearly so. The matrix is mostly micaceous
metasiltstone. In addition to quartz, common mineral constituents are fine-grained white mica giving a diffraction pattern
of a 3T polytype (phengite?), c hlorites, commonly showing both
anomalous blue, as well as brown interference colors, and less
commonly, smears and streaks of very fine-grained rutile and
sphene. Tourmaline is a common , very fine-grained accessory
mineral. Gamet is rare; it has been noted in the Indian Pond area
of the Brassua Lake quadrangle, where it is clearly porphyroclastic, and may be a relict contact metamorphic mineral. Inter-
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Figure 2.
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TABLE I. CHEMICAL ANALYSES OF MATRIX, HURRICANE
MOUNTAIN FORMATION, COMPARED TO METAPELITES OF
DEAD RIVER FORMATION
Hurricane Mountain
Formation
lb
2b
Si02
Ti02
Ali03
Fe203
FeO
MnO
MgO
Cao
Na20

K20
HiO
C02
TOTAL

66.45
0.84
14.04
4.84c

2.82
0.23
1.27
3.84
5.33

62.82
0.93
16.9 1
3.00
3.54
0.06
2.51
0. 1l
0.75
4.38
5.53

__!!.:!!:._

---.!!.:i!.:..

99.69

100.54

O.D3

Dead River Formation
Average of IO analyses"

3
60.00 wt.%
0.99
18.5
2.49
5.13
0.37
2.48
0 .87
2. 13
3.67
<4. 18
0.03
100.86

0

Ar.alyses from Boone (1973)
from P. T. Lyttle ( 1976)
<Total Fe reported as Fe20 3
b Analyses

Sample l (=no. 65 of Lyttle) from - 1430' elev .. NW slope of Otter Pond
Mountain - 0.4 mi east of Bowtown/Pierce Ponds township line. Andalusite
zone of Pierce Pond gabbro contact metamorphic aureole.
Sample 2 (=no. 349 of Lyttle) from -1420' elev .. south slope of Hurricane
Mountain. - 1.2 mi west of Bowtown/Pierce Ponds township line. Cordierite
zone of Pierce Pond gabbro contact metamorphic aureole.
The averaged analyses of Dead River Formation metapelites represent
samples from chlorite-muscovite, to K-feldspar-cordierite grades of metamorphism, northern Little Bigelow Mountain 15 ' quadrangle. Locations shown in
Boone ( 1973).

laminated slate (or phyllite) is common, but distinctly subordinate to metasiltstone. Chemical analyses of typical matrix are
given in Table l. Metasiltstone is almost exclusively carbonate
free; metapelitic matrix from outcrops is also typically carbonate
free , but locally, lenses are calcareous or dolomitic. These
carbonate-bearing varieties appear to be much more common in
drill core samples. Rarely, fault-bounded lenses of
metasedimentary rock, in which strata! disruption is minimal,
exhibit depositional structures and parallel bedding. Laminations and tiny phacoidal lenses of light buff, very fine-grained ,
white mica and unidentified zeolitic or feldspathic minerals
(relict, felsic ash protolith?) are a common and characteristic
feature of the matrix in many areas. In most outcrop exposures,
bedding and bedding laminations (identified by small-scale

mineralogical gradation across the layering) are truncated by
low-angle shear surfaces, and only rarely can they be traced for
more than a meter. Small-scale fold-hooks are common (Fig.
2d). Systematic structural repetition of layering has not been
recognized in the matrix. These structures, taken singly and in
combination, produce flaser-like laminae, and also thin, tapering
lenses or pseudobeds, with lengths ranging from millimeters to
several centimeters, but rarely more than a meter (Fig. 2b,c).
The matrix is color-variegated, but most commonly is dark
gray or gray-green, and rusty, owing to the weathering of dispersed, fine-grained sulfides. Less commonly, the matrix is
carbonaceous and darker gray, but rarely totally black. In some
outcrop areas, the matrix is light or medium gray where sulfides
and carbonaceous material are lacking. In many areas
throughout the Lobster Mountain anticlinorium, the matrix is of
typical "tiger-stripe" aspect, a pattern produced by flaser-shaped
lenses of rusty metasiltstone alternating with dark, greenishblack chloritic lenses and light buff felsic laminae (Fig. 2a,e).
Encountered in drill-core, but to date not in outcrop, is a
lithologic association marked by quartz-pyrite-dolomite "saltand-pepper" -textured lenses, surrounded by carbonaceous,
pyrite-rich, calcareous pelite, with sparse, wispy laminae of
pyrrhotite (Doty, 1987). Locally in thin section the lenses are
surrounded by a multicrystalline shell of carbonate (Fig. 3a).
X-ray diffraction study indicates the carbonate shells consist of
a slightly greater than I : I proportion of magnesian calcite
(Mg/Ca + Mg = 0. 1 - 0.2) to dolomite. These compositions are
approximate, as it is not known if Fe, Mn, or Zn are major
components (cf. Reeder, 1983; Anovitz and Essene, 1987).
Two chlorite species - Fe-richer and Mg-richer - occur in
separate bands within the matrix surrounding the lenses, giving
an indication of the localized scale of Fe/Mg disequilibrium
throughout much of the matrix of the Hurricane melange.
Locally in outcrop, as well as in drill core, sparse zones of
cleanly foliated slate and well-layered Jaminite occur. Those
composed of slate commonly range in thickness from I to 3 m
in drill core, and from several tens of meters to a maximum of
about 150 m as mapped in surface exposures. The outcrop areas
extend a few hundreds of meters along strike. Their contacts
with surrounding matrix are sharp with no evidence of shear, as
seen in drill core, but outcrops showing contacts are not exposed.
Color within each of the slate bodies is uniform, and is either
light gray, brown or black. Some of the Jaminites strongly
resemble chert-laminites (Yoshida, 1983). Less deformed examples show layering that ranges from l to 5 mm thick, commonly with wavy, irregular surfaces. The laminae consist of

Figure 2. (a) and (b) Flaser structure produced by shearing at low angles to layering in metasiltstone - slate matri x of Hurricane
Mountain Formation. Brassua Lake and Pierce Pond quadrangles, respectively. Pen and coin indicate approximate scale. (c) Strata!
disruption evidenced by flaser structure in layered felsic ash and dark slate (top) and in graded, fine- grained, feldspathic meta-arenite
and slate in core sample (bottom; Doty, 1987, pl.3). Width of each photo represents 8 cm. Brassua Lake quadrangle. (d) Sheared
F l microfolds of metatuff in matrix of metasiltstone, slate and metatuff (Doty, 1987, pl. 16). Width of photo represents 6 mm. (e)
"Tiger-stripe" matrix showing incipient to moderate strata! disruption of dark green to black, chlorite-rich layers, cherty laminite and
buff to white, feldspathic meta-arenite (febic ash?). Coin is 2.5 cm in diameter. (f) Flaser structure and polymict tectonic clasts in
core sample, Brassua Lake quadrangle. Scale as in (c).
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Figure 3. (a) "Salt-and-pepper" texture of quartz-pyrite lenses in matrix
of drill-core sample, as seen in thin section (transmitted light). Carbonate-mantled lens, center right, is 5.5 mm long. Streaks of pyrrhotite,
not visible in photo, occur sporadically throughout matrix. Lenses are
pre-S2 in age, as these and many other examples are bent in same sense
ofoffset across S2 (nearly vertical in photo) as are other lenses and planar
features in surrounding matrix. (b) Anastomosing cataclastic shears in
feldspathic meta-arenite clast. Shears are outlined by concentrations of
opaque minerals and by diminution of quartz and feldspar grain-size.
Pierce Pond 15' quadrangle. (c) Intercalation of feldspathic metaarenite and black slate along shear surfaces. Larger grains of elastic
origin are flattened in plane of predominant foliation, and cataclastic
shears intersect in acute angles that are roughly bisected by foliation.
These features are interpreted as a later deformational modification, by
flattening, of the relict sedimentary fabric and the cataclastic shears
shown in (b). Brassua Lake 15 ' quadrangle. (d) Monomictic slumpbreccia of siltstone in black slate matrix. Moosehead Lake 15' quadrangle.

42

Hurricane Mountain Formation melange
alternations of dark gray, chlorite-bearing petite and gray to
white, fine-grained quartz. In drill-core examples, some a re
calcareous.

Provenance of the Matrix Sediment
The predominance of lithologies comprising a spectrum
between metasiltstone, aluminous metapelite, a nd minor
feldspathic quartzite and felsic metavolcanic rock suggests a
terrig inous source, or sources, close to active volcanism. Sparse
lenses of fine-grained, chJorite-rich calcareous phyllite may have
been derived from immature, mafic volcanic detritus.
The interpretation of matrix mineralogical differences, upon
which color and other bulk physical properties depend, is as
follows. The different varieties of matrix probably owe their
origin to pre- or early accretionary stratigraphic horizons, but the
low density of outcrops in relation to the common change of
color from outcrop to outcrop precluded the attempt to subdivide
the matrix into lithotectonic or lithostratigraphic facies. In surface exposures, weathering, to varying degrees, has modified
matrix mineralogy, and therefore color. The combined and
varied effect of Holocene weathering, as well as of probably
several episodes of pre-Holocene weathering, has only come to
light after acquiring drill core samples of the Hurricane Mountain Formation, through the courtesy of Noranda Exploration
Incorporated. At depths greater than about 6 m, the melange
matrix is noticeably more calcareous (ranging from a few tenths
to several percent of carbonate minerals), more graphitic, and
unoxidized. Drill core of matrix taken from below the zone of
oxidation is consistently a display of black, greenish black, gray
to light gray, and white. The pronounced friability of the matrix
in surface exposures, therefore, results not only from its structural complexity, but surely also from volume changes that
occurred during oxidation of graphite and iron sulfides, dissolution of carbonates, and precipitation of goethite.
The origin of the bodies of slate, regardless of thickness, is
postulated, first, to be controlled by deposition of fine silt and
clays intervening in space or time between episodes of both
olistostromal slumping and down-slope, mass-movement of
sediment (cf. Underwood and Bachman, 1982). Second, wellbedded shale and siltstone could then be isolated as structural
units by thru st faults, followed by transfer of these structural
units from lower, to upper plate by fault migration within structurally evolving accretionary complexes (Moore et al., 1981 ;
McCarthy and Scholl, 1985). Alternatively, the formation and
preservation of slaty cleavage may have been due to tight to
isoclinal , early folding within the accretionary complex, followed by shearing out of hinge zones, and tectonic isolation
between main sequence (thrust) faults.
The association of chert-laminites with mafic volcanic
rocks, slump-breccias, and distal turbidites in many circumPac ific, arc-related environments cited by Yoshida ( 1983)

describe well the lithologic associations seen in the Hurricane
Mountain melange.
The origin of the quartz-pyrite-dolomite lenses is ascribed
to a modem, possible analog developed by Ritger et al. ( 1987),
for processes occurring near the toe of the accretionary complex
that forms the lower continental slo pe off Oregon and
Washington. They describe pyrite-bearing, concretionary
deposits sampled from the water-sediment interface of this tectonically active accretionary prism. These deposits are thought
to represent loci of methane-rich fluid expulsion caused by the
dewatering of sediments within the tectonically active prism.
The concretions consist of Mg-calcite+ dolomite+ aragon itecemented sand, silt, and clay among which silt and clay apparently predominate. They comment that "In mud-rich samples pyrite
is generally disseminated, whereas in coarser samples, it occurs
more frequently in localized concentrations ... " (Ritger et al.,
1987, p. 148-1 49), an apt description of the pyrite distri bution in
the Hurricane Mountain melange matrix lithology. In the Hurricane Mountain melange, however, concretionary structures are
not found. Either the "salt-and-pepper" le nses were formed as
such, or they conceivably cou ld represent tectonically formed
lenses of di srupted concretionary deposits. A quasi-primary,
diagenetic origin seems more likely, because the lens shapes
appear to be largely independent of shear bands in the enclosing
matrix. Unlike the mineralogy of the lower continental slope
deposits, however, biogenic aragonite would not have endured
the subsequent accretionary tectonics in the Hurricane Mountain
Formation. Metamorphic aragonite is absent.

Clasts
The melange is polymictic. Clasts consist of a variety of
lithologies that are designated as endogenous or exotic. Those
classified as endogenous include the products of sedimentary
and volcanic strata! disruption, whether by olistostromal, or by
post-burial tectonic processes. Their lithologies are widespread
throughout the length and breadth of the Hurricane Mountain
Formation. Locally, these lithologies can be seen and reasonably
interpreted to be in situ, undisrupted beds, as remnants of
stratigraphic successions, in gradational contact with surrounding matrix. This class also includes tectonically disrupted mafic
dikes or sills, where structural relations in outcrop give
reasonable assurance that they were intruded locally. Those
termed exotic have no apparent local source. In some examples,
they cannot be ascribed to depositional, intrusive, or metamorphic origins within the melange as exposed in the anticlinoria of
west-central, and northe rn Maine. Clast sizes range from
microphacoidal, lithic fragments to blocks and rafts mappable at
quadrangle scale (Fig. 4). Clasts may or may not be foliated.
Metabasites in some of the exotic blocks were deformed and
metamorphosed prior to their fragmentation and incorporation
in the melange. Many blocks ofwacke display a rough cleavage
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Figure 4. (a) Geologic outline map of the Indian
Pond area, Brassua Lake 15' quadrangle (cf. Fig.
1 for location), showing distribution of large
clasts in the melange of the Hurricane Mountain
Formation (modified from Boone, 1983; Boone
and Boudette, 1989). Numbers referto locations
and informal names of other megaclasts and
intrusives discussed in text: ( 1) M- 17 high rank
amphibolite; (2) "China Island" epidote amphibolite; (3) "Gabbro Point" intrusive.
(b) Composite cross section shows relationship
of axial-plane folding of early Ft folds to tight,
upright (Acadian?) F1 folds, and presence of two
unconformities: one beneath the Middle Ordovician Kennebec Formation, the other,
beneath the Silurian and Devonian strata. All
units truncated by the Squirtgun fault(heavy line
symbol with reverse motion indicated).
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(Gray, 1978) that paral leis the dominant foliation in the enclosing matrix. Endogenous clasts of wacke and mafic volcaniclastic origins may show variously sharp to diffuse margins, even in
single examples. The following description of clasts augments
that of earlier reports (Boone, 1983; Boone and Boudette, 1989)
and describes in detail certain Lithologic types that are useful in
reconstructing tectonic environment, and other types of enigmatic source that may have future value in provenance or terrane
evaluations.
Endogenous Clasts. Endogenous clasts comprise the following rock types, listed in order of decreasing abundance:
feldspathic wacke
feldspathic meta-arenite (metasandstone)
feldspathic granule-metaconglomerate, of wacke or
arenite bulk composition
quartz-rich semi-pelite, commonly graphitic
massive to foliated, chlorite- and carbonate-rich
greenstone (metatuff?)
metabasalt, metadiabase (locally derived,
fragmented dikes, sills, or thin flows)
pillowed metabasalt
Feldspathic metasandstone and wacke make up the bulk of
the endogenous clasts. Modal analyses of stained thin sections
of these clasts indicate the most common ones are feldspathic
wacke, referred to in earlier field terminology (Boone, 1983) as
quartzwacke and graywacke. Quartz, both as coarse, angular to
augen-shaped grains and as finer, sheared grains, amounts to
30-3 5 volume percent; feldspar (almost exclusively as
plagioclase, medium to coarse grains showing twinned, checkerboard domainal structure), commonly amounts to 35-40 percent. Very fine-grained, chlorite - ferric oxide-rich patches and
wispy lenses amount to 15-20 percent. Coarse-grained opaque
oxide and pyrite constitute about 5 percent. In some specimens,
fine-grained clusters of stilpnomelane and white mica surround
plagioclase grains. Lithic fragments are rare.
The origins of the blocks of impure metasandstone and
meta-arenite are believed to be endogenous because of the
following observations and interpretations: (I) Many appear to
have formed as olistoliths of initially semi-consolidated, lumpy
fragments; gradations can be seen from clast mineralogy and
grain-size to those of the matrix, across several millimeters to a
few centimeters around the ends of clasts (Fig. 5c). (2) Others
appear to have formed as tectonic inclusions, because their
phacoidal shapes apparently were largely controlled by
boudinage and extensional shear at moderate or low angles to
previous layering. Least commonly, (3) those on a "multipleoutcrop" scale appear to have formed as thick, fault-bounded,
tabular clasts ("rafts") which are well bedded internally. Commonly, the beds are a meter to 4 or 5 m thick and probably less
than 200 m long. Rarely, undisrupted, medium to thick beds can
be recognized by gradation of bedding into increasingly thinner
laminations into the matrix. Angular to rounded, phacoidally
shaped metasandstone fragments range up to about a meter in
length. These are common in types I and II melange. Many of

the phacoidal clasts of metasandstone contain web-like arrays of
very thin veins that do not appear to extend into the enclosing
matrix. Microscopically, the veins consist of very fine grains of
brown oxide (goethite?), comminuted quartz, and feldspar.
Their features appear to precise!y fit the description of cataclastic
shears, described by Lucas and Moore ( 1986), that occur within
sandstones of the Sitkalidak Formation on Kodiak Island, Alaska, and within other sandstone units of modem accretionary
complexes. An example of these endogenous clast features in
feldspathic wacke of the Hurricane Mountain melange is shown
in Figure 3b & c.
The outcrop areas characterized by well-cleaved slate,
referred to earlier in the discussion of melange matrix lithology,
are interpreted as fault-bounded lenses that escaped penetrative
shearing.
Coarse-grained debris flow deposits were encountered in
drill core. The clasts are supported by siltstone matrix in matrixsupported breccia with a calculated thickness of approximately
I m. The clasts are rounded to angular, randomly oriented, and
are composed of carbonate-bearing greenstone, siliceous
lam.inite, and poorly foliated micaceous quartzite. Upper and
lower contacts are sharp and apparently unsheared. The massive
matrix indicates that locally, breccias are not subsequently
deformed. As Doty ( 1987, p. 8) has noted for one example, "The
contact with underlying, sheared type II is sharp, and may be
erosional...," lending substance to the likelihood "that the clast
breccia was deposited in situ ... " as an olistolith. Figure 5 shows
examples of a range of clast dimensions.
Some of the meta-basaltic and meta-diabasic blocks within
the melange are classified as endogenous because from field
relationships, the blocks can be readily ascribed to dismembered,
locally intruded dikes and sills. Those identified were apparently not more than a meter in width. Some fragments show a relict
fine grained selvage on remnants of the wall, or contact surfaces.
These small intrusive bodies were either brittly fragmented, or
in other examples, boudinaged to form tectonic clasts strung o ut
along the direction of foliation in the enclosing matrix. They are
much less abundant than the endogenous metasedimentary
clasts. Examples of metabasites that were initially intrusive into
the Hurricane matrix have been noted in The Forks quadrangle
(W. A. Burroughs, pers. commun., 1980) and in southern Brassua
Lake quadrangle (M. Donnelly and W. Lynch, pers. cu1nmun.,
1985).
Where roughly tabular, mafic, metaigneous rock bodies are
large enough to be mappable, for example, at I: 10,000 or at
quadrangle scale, it becomes a matter of arbitration, where
outcrop control is lacking, in deciding if these are large clasts or
purely intrusive bodies. The rule of thumb was adopted that, if
the mappable body in question exhibits a relict, finer-grained,
marginal facies and is in direct contact (with or without superimposed cataclasis) with a relict contact metamorphic aureole in
the surrounding melange, it is regarded as an intrusive rock body
and not as a tectonic clast. Metadiabasic and metagabbroic rocks
in some parts of the melange in the Spencer Lake quadrangle
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Figure 5. Mega-, meso- and micro-scale clasts in Hurricane Mountain Formation melange. (a) and (b) Amphibolite gneiss showing
wavy foliation and swirled pegmatitic structure. Coins, ca. I in. (2.5 cm) in diameter, give scale. From 1.37 km (0.85 mi)-long block
west of Bog Brook and northwest cove of Indian Pond, Brassua Lake 15' quadrangle (Fig. 4). (c) and (d) Feldspathic arenite
("quartzwacke") and gray quartzite clasts. Pencil in (d) gives scale. In (c), left margin of clast is sharply defined against matrix; right
margin is gradational into matrix across several centimeters. Moosehead Lake 15' quadrangle. (d) is from channel of Dead River
above Grand Falls, Pierce Pond 15' quadrangle. (e) Photomacrograph of thin section: matrix-supported, polymict, granule
metaconglomerate (debris flow?). Length of photo represents 3.8 cm. Crenulation cleavage (horizontal in photo) cuts across
mudstone and siltstone clasts. Quartz-bordered pyrite vein (left) is also offset by cleavage. From drill core, Brassua Lake 15'
quadrangle.
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mapped by Serra ( 1973) and in the Indian Pond area of the
Brassua Lake quadrangle (this report) are thus described as
intrusive, when judged by these criteria.
Ma ss ive , carbonate-rich greensto ne and fo li ated
equivalents ex hibiting thin relict beds or laminations are locally
common, and are composed of chlorite, pyrite, calcite, and
ankerite. These rock types also may be endogenous, but not in
a primary, depositional sense. Where they crop out on islands in
Indian Pond, they can be seen to grade into massive, rustyweathering, chlorite-richer calc-greenstone, which I interpret to
be a product of hydration and COi-metasomatic alteration of
mafic tuff. The Ca-Mg carbonate-bearing greenstones can be
seen as clasts locally throughout the entire belt. The thinly
bedded to laminated derivatives, then, would imply brief exposure of the altered, tuffaceous mafic protolith to winnowing
action of sea-floor currents, but without significant transport or
incorporation of detrital quartz or feldspar. Subsequent flattening and development of foliation has probably enhanced their
laminated appearance. Discussion with Bradford A. Hall (pers.
commun., 1984) leads to the view that this lithology is commoner in the Chase Brook Formation than it is in the Hurricane
Mountain Formation.
Exotic Clasts. Clasts of exotic origin occur throughout the
Hurricane Mountain belt. In the Lobster Mountain anticlinorium, they consist of the following, listed in order of
decreasing abundance:
volcaniclastic, feldspathic wacke
metagabbroic and metadiabasic rocks (apparently
not derived from locally disrupted, intrusive or
extrusive sources)
chloritic and pyritic, massive, carbonate-bearing
greenstone, amphibolite, and greenschist
gray, massive, fine-grained metalimestone
light g ray, faintly bioturbidic, thickly bedded
orthoquartzite
black, carbonaceous, feldspathic quartzite and
metaconglomerate
serpentinite
metapyroxenite
felsic , aphyric metavolcanic rocks
gray to buff, weakly banded, very fine-grained
quartzite (metachert?)
metamorphosed chert-laminite
alkali grani te (only one occurrence)
The first five clast lithologies are scattered widely
throughout the entire belt. Some of the clast types, on the other
hand, are locally concentrated. Gray quartzite, for example, is
restricted to the Hurricane Mountain type area, whereas rafts of
black, feldspathic quartzite, are locall y common at Grand Falls
of the Dead River (both localities in southern Pierce Pond
quadrangle). Mafic metavolcanic and intrusive rocks appear to
be concentrated in the three areas mentioned in previous paragraphs. Amphibolite rafts are concentrated only in the central
Brassua Lake quadrangle, in the vicinity of Indian Pond.

Two types of sandstone are distinctly dissimilar to the
common feldspathic meta-arenite and wacke. One is clearly
volcaniclastic, or derived from detritus of immaturely weathered
intrusive rock, inasmuch as it is rich in medium to coarse, angular
grains of white-weathering plagioclase. The upper part of the
Jim Pond Formation may be a possible source for these. The
other is light gray orthoq uartzite on Hurricane Mountain. There,
a succession of half-meter to meter-th.ick beds without apparent
grading or internal laminations is approximately 20 m thick and
extends along the strike of the formation approximately 50 m. It
thus appears to be a discrete block. Bedding attitude is parallel
to foliation in surrounding melange matrix. If it is olistostromal
in origin, o ne would expect several, if not abundant, occurrences
locally. Sparse, curvilinear, half-centimeter-wide structures
composed of white quartz resemble worm burrows; their origin
is unclear. The provenance of this lithology is unknown, but
similar, though thinner-bedded, metasandstone is observed in the
Grand Pitch Formation of late Precambrian to Cambrian age, in
the Lunksoos anticlinorium (Robt. B. Neuman, pers. commun.,
in Boone and Boudette, 1989).
Three large raft-shaped blocks of dark bluish gray to black,
thickly bedded, carbonaceous feldspathic quartzite, roughly IO
to 15 m thick and at least 100 m long, are exposed near the top
of Grand Falls, Dead River, in the southwestern ninth of the
Pierce Pond quadrangle. The rafts are composed of graded beds
of quartzite that grade sharply downward into thin, dark gray,
matri x-suppo rted, saussuritized plagioclase-rich, granulemetaconglomerate bases of a few centimeters thickness. Crossbedding and channel-fills are common in the upper, laminated
parts of thick beds. Cataclastic shear zones within the quartzite
are pervasive and range up to a centimeter in thickness; they are
mostly parallel to bedding. Detailed petrographic observations
are presented in Appendix I with the objective that discovery of
similar quartzite e lsewhere will lead to its provenance in terms
of source rock and source terrane. Apparently, its mineralogy
and petrography are unique with respect to other pre-Silurian
rocks of Maine.
Two bodies of metapyroxenite, and layered metapyroxenite
in the Pierce Pond quadrangle (central part of Fig. I), are
interpreted to be exotic and tectonically emplaced. Regarding
the layered rocks, on Stony Brook Mountain in the southwest
part of the quadrangle, meta-orthopyroxenite and metagabbroic
rocks crop out in close proximity to one another (Boone, 1985).
They are believed to constitute a block more than 1.6 km (l mi)
long in tectonic contact with gray quartzite and melange matrix.
Relict orthopyroxene of the metapyroxenite is partially replaced
by cummingtoni te and green calciferous clinoamphibole, and is
host to fine-grained opaque oxides aligned as sagenitic inclusions along the pyroxene c leavages. The metagabbroic rocks
show relict layering of metagabbro, gabbroic anorthosite, and
volumetrically minor anorthesitic varieties. Plagioclase is
clouded, and mafic minerals are replaced by chlorite and green
calciferous clinoamphibole. This mafic and ultramafic lithic
assemblage may have been derived from the Boil Mountain
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Ophiolite (Boudette, 1982), which crops out 32 km (20 mi) to
the west-southwest.
Metabasite blocks, ranging from massive to well foliated,
and showing different degrees of metamorphism, are common
in the northwest Indian Pond area. The Round Pond block (Fig.
4), displays pumpellyite-actinolite grade greenstone with relict
tuffaceous and accretionary lapilli textures at its southwest end.
The block is 0.8 km (0.5 mi) long, and the features just described
grade into foliated greenstone and greenschist containing a
higher pressure assemblage (lacking pumpellyite, but containing
sodic-calcic amphibole near winchite in composition; cf. section
on metamorphism of metabasite blocks) at the northeast end.
The foliation conforms to the regional northeast strike and steep
dip of the surrounding matrix foliation. In contrast to the gradation in metamorphic intensity within the block, there is no
discernible difference in the low metamorphic grade and fine
grained texture of the melange matrix in contact with the block
at its southwestern and northeastern ends. Similar blocks, but
with contorted foliation marked by an actinolite-rich, epidote,
chlorite, rutile-bearing mineral assemblage, crop out on islands
in northwestern Indian Pond (Fig. 4). Thoroughly recrystallized,
retrograde metamorphosed, coarse-grained metagabbro is common in the same area. These bodies, at least one of which is
clearly intrusive, contain polythermal mineral assemblages
ranging from upper greenschist to lower amphibolite facies. In
the lowlands to the west, blocks of coarse-grained, high-rank
amphibolite have been mapped (Frost, 1977; Frost and Boone,
1978) which display a highly contorted, polydeformed fabric.
Their metamorphic grade, as well as their textural and structural
e lements, are in sharp contrast to the typical ly low-rank, finegrained melange matrix in which they are enclosed. The petrology of the metabasite blocks is di scussed in a succeeding section.

TECTONIC HISTORY OF THE HURRICANE
MOUNTAIN FORMATION
Until recently, all observations concerning lithology,
petrography, and structural geology of the melange have been
obtained from outcrop during geologic mapping in several 15'
quadrangles. Extreme friability and lack of coherence of the
melange at the surface impeded structural analysis. Cores obtained from Noranda Exploration, Incorporated, have provided
a wealth of new structural data from which a model of
microstrnctural evolution can be constructed. This section
draws upon, and modifies, structural observations and interpretations in a study of drill core samples of the melange (Doty,
1987). The interpretive part of this section explores a working
hypothesis in which a continuity of deformation during the
Penobscottian melange-forming event is proposed, and to assess
to what extent younger deformations (here ascribed to the
Acadian orogeny) have modified it.
Study of drill core samples suggests that the melange matrix
underwent shearing repeatedly from the time it was uncon-
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solidated, progressing from the stage of dewatering and volume
loss, to brittle shear and mylonitization. The processes of slip,
ductile shear (Tchalenko, 1968) and cataclastic shear (Lucas and
Moore, 1986), small-scale folding, and faulting all contributed
to strain-hardening of the matrix. As Lucas and Moore ( 1986),
Moore et al. ( 1986), and Karig ( 1986) have documented in detail,
once sediment has become strain-hardened along a shear zone,
further deformation will take place in adjacent, unsheared or less
sheared parts of the sediment mass. The S-surfaces discussed in
succeeding sections are postulated to be preserved examples,
involving mimetic recrystallization, of some of these features.
To pursue the working hypothesis, it would not be a surprising
consequence that final stages of Penobscot deformation, within
the suture zone between amalgamating terranes, would achieve
further strain-hardening and flattening of the melange en masse.
It is not known if the final, Penobscottian evolution of major
structure produced strongly overturned, or recumbent fault-fold
geometries, as seems a likely interpretation from regional mapping, or if layers, other enclosing S-surfaces, and earlier faults
were thrown into tight, upright or overturned folds that became
more tightly appressed during the Acadian orogeny.
Lagging in time and space behind the actively accreting and
deforming melange, one would also expect folding to commence
in an overlying, time-transgressive carapace of flysch, which the
Dead River Formation is interpreted to be. This formation also
is polyphase-defonned, but exhibits a much more ductile style,
as evidenced by the common occurrence of refolded folds, and
a greater regularity of structural attitudes of these folds and of
related cleavages (Boone, 1973; Burroughs, 1979). Conversely,
flase r structure, hackly, anastomosing folia tions, and
mylonitized main shears, as in Hurricane matrix, and web-like,
cataclastic shear zones, as in metasandstone rafts and blocks, are
not observed in the Dead River Formation. These contrasts
suggest that the Dead River Formation, in aggregate, behaved
less competently during the polyphase events than did the Hurricane melange. Compared to the relative simplicity of fold
geometries and cleavage in unconformably overlying, Middle
Ordovician, and younger metavolcanic and metasedimentary
rocks, the structural responses - each being different in the
melange and flysch - get at the question of assignment of
penetrative deformational structures in these rocks to Penobscottian, versus later (chiefly Acadian?) events (cf. Fig. 6f).
Evidence is cited to support the viewpoint that Acadian deformation modified only slightly the microstructures typically encountered in the Hurricane Mountain melange. Localized
development of kink bands are largely attributed to Acadian or
post-Acadian deformation, based on orientations similar to those
observed in Silurian and Devonian rocks.

Microstructure of Melange Matrix
Figures 2, 3a & c, and 6 show typical examples of melange
matrix in outcrop, hand specimens, drill-core samples, and thin
section. In polished, sawed surfaces and thin sections, but only

Hurricane Mountain Formation melange
rarely in outcrop, different styles and orientations of foliations
can be seen. In tenns of microgeometry and, to a lesser extent
mineralogy, they are defined as follows: S1 comprises (a) the
flaser structure along which slices of layered sedimentary
protoliths are juxtaposed, commonly at very shallow angles to
original bedding. The surfaces of juxtaposition are shears, along
which commonly occur laminae (veins) of quartz in
metasiltstone lithologies, and less commonly, of carbonate in
more calcareous examples (Fig. 6a). It also comprises (b) a
"main cleavage" as observed in outcrop, and seen in thin section
to be manifested by a slaty cleavage in metapelitic layers, becoming more akin to a rough cleavage in siltier and coarser
arenaceous protoliths. At outcrop scale, "S 1" in metasi ltstone or
phyllite may be a visually estimated average of S 1 and conjugate
S2 surfaces that lie at shallow angles to SJ . S2 foliations are
commonly as pervasive as S1. They are defined as microshears
(main displacement shears) that lie in two, or possibly three
different orientations, illustrated in Figure 6b, and identified in
lower hemisphere equal area plots (see below). Figure 6b shows
pervasive, curvilinear sets of S2 that are commonly sigmoid,
losing their identity where they merge into parallelism with S 1.
These foliation surfaces are commonly lined with smears of
graphitic material (as judged by reflectivity in reflected light
microscopy) and, within lenses that are chlorite-rich, the shears
are lined with opaque oxide and very fine-grained Ti02 (rutile
or brookite), a mineral assemblage that reflects a mafic volcanic
source. S2 shear surfaces in typical matrix materials are notably
quartz poor, suggesting concentration of the minerals lining
shear surfaces by removal of Si02 and perhaps phyllosi licates.
S3 is assigned to non-pervasive, localized zones of crenulation
cleavage and kink-bands (Fig. 6c, d, e). These zones range in
width from a few millimeters to several centimeters, and are
commonly separated from one another by a few centimeters to
a meter or more.

Methods
A description of the methodology for determining orientations of structural features from drill core samples is appended
to Table 2. More than JOO thin sections of Hurricane melange
matrix lithologies were made from the cores. Others were made
to study metaigneous rocks and their contacts with the melange.
Several thin sections were polished to identify oxides, sulfides,
and graphite. The majority were oriented, and sets of mutually
perpendicular sections (Fig. 7) were studied on the universal
stage to obtain the data on which Figure 8 is based. Orientations
were (I) perpendicular to strike (St). St slabs and thin sections,
thus, are viewed looking along strike either to the north-northeast
or south-southwest. Most long dimensions of St thin sections
are parallel to the trace of S1 as viewed on the vertical, longitudinal sawed surface of the core. Gently plunging microfolds
and $-intersections were observed to advantage in these sections.
(2) Dp sections (nearly perpendicular to dip) were taken from

surfaces cut perpendicularly to St slabs, and are close to horizontal. They were oriented as to azimuth within this plane (Fig. 7).
Op sections were used to observe steeply plunging microfolds
and S-intersections. Conjugate sets of St and Op were required
for the three-dimensional analysis of core sections. Sections
parallel to foliation (F) yielded little microstructural information.
Attitudes ofS1, S2, and S3 in core samples, detennined from
these sets, are summarized in the equal area stereographic
projections of Figure 8. A contoured lower hemisphere diagram
of poles to S 1 cleavage and lithologic planar elements (Fig. 8a)
gives an indication of the within-core sample variation of strike
from the visual average used in alignment, and the predominance
of a near-vertical dip. Inasmuch as S 1 has lens-like geometry,
strike and dip both are visually estimated averages for each plot.
A visually estimated error of ±5° is assigned to both strike and
dip of S1 .
The S2 and $3 surfaces were the least tractable to analyze,
and involved laborious correlation between St and Dp thin
sections, as studied on a uni versa! stage, with their parent slabs
from the core samples. S3 surfaces are commonly planar to
curviplanar, and tend to fan slightly in dip. Estimated error for
S2 and S3 is ±10° for both strike and dip.
The lower hemisphere projections show, as expected, that
S 1 , the principal, or main cleavage, is steeply dipping and more
or less fixed in strike by the artifice of orientation of core
samples. S2, together with superimposed structural elements,
fonns three groups of broadly different orientations (Fig. 8 b, c,
and d). One group is close to S 1 in strike, but gentler in dip to
the northwest. The second dips steeply to the southeast, but is
more variable in its northeast strike. The third strikes east-northeast, with steep to moderate southerly dips. Figure 8b shows that
if the S 1 poles labeled d through h were rotated so as to plot
within the maximum shown in Figure 8a, the first set would
group more closely to the S3 pole labeled b; the second, the poles
of which lie in the northwest part of the projection, would still
diverge widely in strike, though they would group more closely
in a 65°-85° range of inclination. To test the possibility that core
samples d through h may have been incorrectly oriented in their
rotation around the core axis (by virtue of the "S 1strike criterion,
summarized in the comments to Table 2), small circles, and arcs
thereof, were drawn coaxially around the average inclination of
the drill holes (Fig. 8b ). These show that if one were to carry out
appropriate rotations around the axis of cores, they would concentrate the strikes of d through h of the second group, while
doing little to increase the scatter in bearing and inclination of
poles to S 1, the first group of S2, and related planar elements. It
is likely that the first two sets of S2 may have a similar variation
in orientation. Whether this is valid or not, one may note that
the total variation in dip of the S-planes of the first two sets of
S2 is close to that of S1 (Table 2), which is about 45°. The "S1
strike criterion" is probably valid for the volumes of rock that
are host to the two drill holes, and coincidentally the strikes of
foliation in surface exposures around the drilling sites are nearly
the same (see methodology, Table 2).
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Figure 6. Photomacrographs of microstructures in Hurricane Mountain Formation melange matrix. All are from drill cores, Brassua
Lake 15 ' quadrangle, and shown at same scale. (a) Incipient strata! disruption and flaser structure (S 1) and sheared microfold in
calcareous phyll ite and black slate. Veins (white) are calcite. Dp section (cf. Fig. 7) cut in horizontal plane. Serial cuts show that
the synformal fold plunges gently NNE. ( b) St section showing typical development of S2 microshears. Viewed NNE along strike;
ESE toward right. S1 is sigmoidally bent between and sheared by main displacement shears (dipping steeply to ESE) and less
abundant riedel-like and thrust shears (cf. Fig. 10, which is constructed on this and other examples). Shear surfaces are commonly
lined with graphite, and pyrite or pyrrhotite, and much less commonly by quartz. South and SE-dipping S2 's (cf. Fig. 8) show reverse
fault sense of displacement. Microboudinage of siltstone layers (light gray) and segmentation of quartz veins parallel to S1 are
interpreted to be pre-S2. (c) Dp section of strongly disrupted matrix. Some clasts (e.g., rounded white quartz) may be depositional;
most, however, show phacoidal outlines and are probably tectonic. (d) Tracing of central part of (c) to illustrate post-depositional
(and post-strata! disruptive, post-Si) origin of microfolds in dark, pelite-rich clast. Microfolds can be foll owed with continuity from
matrix into clast along the northerly strike of the microcrenulations. (e) Light clast, lower left, shows pre-disruptive formation of
microfolds. Central band shows discrete microcrenulations and kinks. (f) Composite photomacrograph of 2 thin sections showi ng
intrusive contact of quartz-phyric metafelsite dike, believed to be typical of Kennebec Formation, with polydeformed, Hurricane
Mountain Formation wall-rock. Metafe lsite shows a single, slightly wavy foliation. Note microboudinage of quartz veins.in
wall-rock, that parallel the contact.

The tight clustering, particularly in strike, of S1 poles in
Figure 8a, however, should not be viewed as applicable to the
entire strike belt of the melange in the Lobster Mountain anticlinorium. Strikes of foliation as measured in outcrop, from
the Pierce Pond, to the northern part of the Moosehead Lake
quadrangle (Fig. 1) range from approximately N30°E to N65°E,
where not perturbed near transverse faults and post-Acadian
intrusions. This variation is not regionally systematic, but forms
local, curvilinear bends in strike, as may be visualized from
Figure 9. This 35° variation falls within an approximately 50°
range of strike of Acadian slaty cleavage in Silurian and
Devonian strata in The Forks (Fig. 8d), Brassua Lake, and
Moosehead Lake quadrangles. Variation in dip of S 1 and related
planar features in the Hurricane Mountain Formation, however,
is greater than in the Silurian and Devonian strata. The data sets
are about equal (- I 00 readings) and the same exclusions apply.

·op· section
""

Plunge of.

" " core axis
ESE

Fig ure 7. Relationship of oriented thin sections to core sample orientation. See text.

Interpretation
The comparison of vanat10ns in strike of foliations Acadian slaty cleavage in strata of Middle Silurian and younger
ages, and the predominant foliation in pre-Middle Ordovician
rocks- together with steep dips common to both , strongly implies
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TABLE 2. FOLIATION DATA, HURRICANE MOUNTAIN FORMATION AND RELATED STRUCTURAL UNITS, FROM DRILL CORES IN
BRASSUA LAKE QUADRANGLE. All dips are given with reference to a SE or SW declination.
Depth (in ft.)
in drill hole,
at top of
core sample

Melange type or lithic name
in 10 to 30cm lengths
of core (Cf. appendix IJI
for lithologic descriptions)

Core 58, 85-2
17
36
42
80
85

phyllite
type I (Fig. 5f)
type I
:ypel
type II

94
105
121
140
197
201
234

rype l
phyllite
type II
blac k slate
cherty laminite
type I( fig. 6c,d)
type II (fig. 3a)

237
295
318

type I
rype I
type II; undistributed,
3-4 cm graded beds, wispy
So+1 (Fig. 2c)
typen

32 1
344
380
380
41 8
Core WCS- 1
28
40
56
68
82

88
90
125
130
143
208
216
230
234
250
272
290
302
323

326
337

type 1 (Fig. 2f)
type 11

gray slate
black slate
phyllite w/ quartzite
phacoidal clasts
type Ill
rype I w/ Ord. (?)
metafelsite showing
discordant, intrusive contact
black slate
type II
type III
rype I
type 11
rype II

type 11 w/ black
slate above
type II
black slate
types I & 11
type Ill ?
type II in mylonitic contact
w/ Kennebec or Lobster Mtn.
metavolcanic feeder dike
Middle to Upper Ordovician (?)
diarre me on type I
cherty laminite

s
dip

34
30

106
97

124
120

16
7

30
28

86
114

300
11 8

4
24

26
30

96
98

116
120

6
8

29
28

90

90

119
118

0
0

30
30
27
27

112
85
90
90

120
300
117
117

12
5
0
0

30

97

120

7

30
28
34
30
28
36
30
28

114
114
114
110
98
105
94
114

120
118
124
120
11 8
126
120
l 18

24
24
24
20
8
15
4
24

30
28
30
30

100
92
108
106

120
118
120
120

10
2
18
16

30

85

300

5

* identifies sharply defined crenulations and kink bands
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Pole
plunge
bearing

strike

Sense of shear
(x/y ="x over y")
U-stage observations
unless otherwise noted

S2+J

Pole
bearing
plunge

strike

dip

40
30

73
117

310
120

17
27*

major;
S side up;
dextral minor

86
86
89
89

46
52
115
95

356
356
179
179

38
44
25*
5

from
core

45
40

76
115

3 15
130

14*
25

SE/NW, sinistral

10

46

280

44*

NW/SE

18

138

108

48

NW side
down

Hurricane Mountain Formation melange
TABLE 2. CONTINUED.
Depth (in ft.)
in drill hole,
al lop of
core sample

Melange type or lithic name
in 10 to 30 cm lengths
of core (Cf. appendix Ill
for lithologic descriptions)

351
372
409
437
45 3

black slate on type I
type I
type I
type I
calc. phyllitc
lens/type I
calc. phyllite
type II
/calc. phyllile
/type I
(Fig. 6a,b)

480
503

518
530
538
541

544
588
624

637
656
703
704
713
726

729
730
732
734
736

737
761
764
773
774
776
780
781
790
800

plunge of F1 fold:
type I
type I
sheared lenses of
metatuff(?) in type I
type II in sheared contact w/
meta-andesile dike of
Lobster Mtn. Volcanics
Meta-andesi le
type II
types I & II

type II
type II & calc. phyllite/felsic to
intermediate metatuff
type!
graded bedded metasillstone &
gray slate; core only
type!
luffisile breccia
(Olm) in
sheared contact w/ type I
type II
type II
type I
type I
type! (Fig. 6e)

type I
type I above metatuff
melatuffaceous breccia/cataclastic
S3? shear zone
metatuff above type I
type I
type I (Fig. 2d)
type I
type !
type I/gray slate
gray slate/type I

S1

Pole
plunge
bearing

strike

dip

26
28

96
88

116
298

4
2

30

95

120

5

28

104

118

14

30

124

120

34

50

Sense of shear
(x/y = "x over y")
U-stage observations
unless otherwise noted

S2+J
strike

dip

Pole
bearing
plunge

55
major crenulation and
55
fracture cleavage:
55
(major 55°E set shows
SE over NW reverse
(thrust) motion, w/ <lexlral shear component)
IO
minor E/W, but
sinistral

74
79
85

325
325
325

16
II
5

94

100

4*

12
12
30

3NW
29NW
80

102
102
300

87*
61
10*

32NE

30

104

120

14

30
30

95
126

120
120

5
36

NW/SE

34

100

124

10

core only

30

114

120

24

32

92

122

2

50

76

320

14

30
28

92
109

120
11 8

2
19

50

95

320

5

32
26

117
96

122
II

27
66

30
90
96

77
131
139

300
180
186

13
41*
59*

30

102

120

12

30
27
30
30

95
87
98
93

120
297
120
120

5
3
8
3

dexlral
N side
down

* identifies sharply defined crenulalions and kink bands
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ADDENDUM TO TABLE 2: METHODS OF DETERMINING ORIENTATIONS OF FOLIATION SURFACES
The approximate bearing and plunge of the drill holes is perpendicular to strike and 50° to the southeast. One core, labeled 5B-85-2, is believed to have a trend
and plunge of the axis of 120°, 52° into bedrock with average strike of foliation ofN30°E, while that for the other, WCS-1, is believed to be I 30°, 55°, in bedrock of
average strike of foliation of about N35°E. Although core retrieval at the time of drilling did not permit orientation with respect to the core axis, it turned out that in
a practical way this was possible, owing to the constancy of strike and near-vertical dip of the major planar structures in the Hurricane Mountain Formation throughout
the central part of the Lobster Mountain anticlinorium from which the cores came. Core specimens, thus, were rotated so that the predominant S1 foliation and
layering (conventional So is generally absent) were brought into alignment with, firstly, the local strike and, secondly, the overall steep dip of foliation. The accuracy
of the method may be wanting, but for purposes of distinguishing the differences in orientation between the predominating, earlier structures and later crenulation
cleavage, the method has practical value and is reasonably precise. The accompanying table gives a summary of melange type, other lithologies, contact relationships,
and attitudes of microstructural features of the melange matrix. The data from the table record about 70 readings of S 1 and S2 across more than 366 meters ( 1200
feet) of drill core. T he core samples were relieved from holes drilled about 13 km (8 mi) apart and more or less on strike within the formation. From these data,
means and standard deviations (I cr: ±10°) of the mean for dip of S 1 features are within two degrees ofone another for each drill hole location.

an Acadian control on the orientations found in the older formations. Overturned, refolded beds in the Dead River Formation
have been noted in the Chesuncook dome (Fig. 1; J ahrling, 198 l;
Boone, unpubl. mapping) and in the The Forks quadrangle
(Burroughs, 1979; Marvinney et al., 19SI). The repetition of
strike belts of pre-Middle Ordovician formations across upright,
tight to isoclinal folds in The Forks (Burroughs, 1979) and Pierce
Pond (Boone, I 9S5) 15' quadrangles suggests that in both areas,
earlier overturned or recumbent folds have been refolded. Overturned strata and refolded folds have not been found, however,
in the Kennebec Formation or Lobster Mountain volcanics, of
Middle and Upper Ordovician ages. Fold styles and cleavage
orientations in these strata are similar to those observed in nearby
Silurian and Devonian formations of the Moose River, and
Kearsarge - central Maine synclinoria.
The presumed structural imprint of Acadian age on the
pre-Middle Ordovician formations implies that the penetrative
fabric and foliations in the Hurricane Mountain Formation
melange may be modified, at least in part, by Acadian deformation. The task of sorting out ages of foliations in a complexly
foliated and sheared melange is approached in a comparative
way, by applying experimental structural data, and observations
of geologically recent melanges as analogs to the features
recorded here from the Hurricane Mountain Formation. Many
of these observations from the literature seem to apply. In

addition, rare observations of cleavage relations across contacts
between the melange and younger rock identified as Kennebec
feeder dikes, as seen in drill core (Fig. 6f), supports the view that
many of the microstructural features in the melange are pre-Middle Ordovician.
Doty (I 9S7, p. 13) proposed that foliations superimposed on
St, that he grouped together as S2, are expressed "as two forms
of transposed structure." While carrying out the exercise just
described, the core samples and thin sections were reexamined
to see if "the two forms of S2" were distinguishable by difference
in orientation on the lower hemisphere projections of Figures Sb
and c. As can be seen, there is not a unique distinction between
the orientations of the three types of foliation observed (only one
set of late kink-bands are thus); furthermore, transposition (as
commonly referred to in the formation of crenulation cleavage
and kink-banding) does not apply to the three clusters of S2, as
shown on Figures Sb and c. The large open circles of Figure Sc,
identifying S2, denote microscopic main shears, many of which
result in sigmoidal warping of S 1. S2 of this report is restricted
to these features (Figs. 6b, Sb and c ). The S2 surfaces are broadly
curvilinear and of irregular radius of curvature in profile. They
show a more pronounced anastomosing network in St (vertical)
sections than they do in Dp sections. They do not form axial
planar cleavages to microfolds. The S2 surfaces enclose sheared,
phacoidal microlithons ranging up to 3 or 4 mm in thickness.

Figure 8. Equal area, lower hemisphere projections of structural elements in matrix of Hurricane Mountain Formation melange (cf.
notes in Table 2 for methods of analysis). (a) Contour diagram of poles to sheared layering and "main cleavage" (S 1 and subparallel
orientations of S2 microshears). Bearing and plunge of one well documented F1 fold hinge is shown. (b) Poles to S2 and S3 related
to corresponding S 1 in 9 of the samples. Star denotes average bearing and plunge of two drill holes from which analyzed core samples
came; small circles labelled 10° to 110° of conical angle are concentric to that axis. Note that the northwesterly plunging poles are
roughly concentric to the 90°-110° segments, possibly caused by inaccurate orientation of cores about their axes (see methods, Table
2). Arrows toward little circles indicate how most of the S2 and S3 poles would be relocated if all S1 poles were clustered in area of
maximum concentration shown in (a). (c) Orientations of main displacement shears, S2. Localized crenulation cleavage and kinks,
SJ, involve transposition of, and have similar strike to S 1. (d) Scatter plot of poles to cleavage in Silurian and Devonian slates from
The Forks (Marvinney, 1982), Moosehead Lake (Simmons Major, 1988, and Boone, unpubl. mapping), and Brassua Lake, 15'
quadrangles (cf. locations, Fig. I). Large dot shows pole to foliation in Kennebec Formation welded tuff, West Outlet, south of
Somerset Junction, Brassua Lake 15' quadrangle. Shaded areas show concentration of poles to late, N-S striking, transposed foliations
in W- to NW-striking kink bands; area with open dotted pattern, E-W transposed foliation in NE-striking kink bands. Schematic
map insets show typical orientations of kink bands, believed to be of late- or post-Acadian age, in Cambrian to Lower Devonian
metapelitic rocks (lower left), and in Cambrian to Lower Ordovician metapelites of Dead River Formation (upper right), in the Brassua
Lake and Moosehead Lake 15' quadrangles.
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in Figure 6f.

These microphacoids, or tectonic clasts, are pervasive in much
of the Hurricane matrix. Together with the wavy shear foliations
that bound them, they form, in effect, a penetrative fabric in the
melange, which the microshearing process apparently creates.
This structure may relate commonly to tectono-metamorphic
differentiation along shear surfaces (Hammond, 1987). This
structure evidently produces the characteristic, hackly, or scaly
cleavage throughout much of the Hurricane melange. Those
examined in detail show opposing senses of shear: those belonging to southeast- to south-dipping sets show a southeast over
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northwest sense of shear (Fig. 6b). In one sample, a dextral
component of shear was observed in Dp section. Those belonging to northwest-dipping sets show opposing senses of shear.
The second "S2" structure recognized by Doty ( 1987) consists of sharply defined kink-bands and crenulation cleavage in
which zones of transposition range in width from roughly 20 to
30 mm up to a few centimeters, but are widely spaced, from
several centimeters to more than a meter, throughout the core
samples. They are such pronounced structures that they are
easily recognized on drill-core surfaces as well as in outcrop.

Hurricane Mountain Formation melange
They are grouped as S3 structures in this report, and are shown
by the triangle-filled circles on Figure 8b. They commonly
appear in thin section to be axial planar to small microfolds
involving S 1 and S2, but as plotted, most of their poles do not lie
in a great circle band common to S 1 poles.
Orientations of S3 suggest three sub-sets. The most common
are southeast-dipping crenulation cleavages (S3a) which exhibit
a southeast over northwest thrust sense of shear (Fig. 8c). Less
common, northwest-dipping examples (S3b) show both thrust
and normal senses of shear. The east-west striking, north dipping
set (open triangles) shows a north side down, normal sense of
displacement. Intersecting S3 subsets were not found. All of
th ese involve s ubsequent deformation of earlier-formed
cleavage. The set showing east-west strike is similar to that of
many northwest striking, steeply dipping kink bands commonly
observed in slate and phyllite of the Dead River Formation, and
also in the Lower Devonian, Carrabassett Formation and other
units of the Seboomook Group in western and north-central
Maine. The kink bands in the Seboomook Group, at least, cannot
predate the Acadian.
Origin of Foliations
The descriptions of matrix lithology, flaser structure of
layering, and microstructures, lead to the interpretation that most
of the planar features represent facets of a continuum of deformation within an accreting melange. Structural mapping of
on-land exposures of geologically young melanges in modem
fore-arcs, as well as descriptions of cores retrieved from Deep
Sea Drilling Project sites over submerged, active trench and
fore-arc settings (cf. Moore and Allwardt, 1980; the contributions in Moore, 1986; Aalto, 1982; and Cowan, 1982) provide a
comparative basis, or criterion, from which an interpetation of
structures in the Hurricane Mountain Formation melange may
be formulated. The resulting interpretation is cognizant of some
superposed structures (map-scale folds as well as microstructures) originating in younger orogenic (e.g., Acadian) events.
The matrix structures in the Hurricane Mountain melange,
as described in the foregoing section, are strikingly similar to
those observed in ( 1) melanges of modem accretionary complexes (Karig, 1986; Lucas and Moore, 1986; Moore et al.,
1986), (2) fault zones in clay-rich sediment masses, and (3)
laboratory experiments of shearing in silt- and clay-rich sediment (Tchalenko, 1968).
The inferred sequence of events and processes leading to
formation and modification of foliations in these examples,
could just as well apply to the matrix of the Hurricane Mountain
Formation in the early Paleozoic. The spectrum of structures is
virtually the same. One may envision a deformation path to be
followed by a given volume of matrix silt and clay, as progressing from listric faulting and slumping of unlithified or semiconsolidated sediment near the depositional interface, where initial
break up of sedimentologic continuity occurs and extensional
shearing within semilithified strata begins, to eventual burial to

deeper leve ls where sediment masses may be thrust-fault
bounded (Cowan, 1982, 1985). The photographs in Figures 2,
3, 5, and 6 might be arranged in a number of permutations of
sequence, but for example, Figures 2c and d, Figures 3b-d, and
Figures 5c-e might relate to one or another of these processes, as
sediment progressed toward penetratively deformed rock.
Gradations range from preservation of coherent stratification
(Figs. 2c, 6a) to complete stratal disruption (Figs. 2a, b, and e,
f; Fig. 3c, Fig. 5d, and Figs. 6b - e) as seen in outcrop and drill
core, and these examples indicate that the disruption ranged from
macroscopic to microscopic scales. The gradations suggest that
disruption progressed inhomogeneously in neighboring rock
volumes of various size at any given point in time. Different
examples of disruption are seen at random in outcrop, just as they
appear to be, along the 390 meters ( 1280 ft) of core from the two
drill hole sites.
The flaser structure into which lenses of bedded segments
were juxtaposed is postulated to have been initiated by layerparallel extension and flattening accompanied by low-angle
extensional shear. Strain and relative timing criteria are lacking
in the Hurricane matrix to indicate whether this began in gravitationally unstable semiconsolidated layers, but the common occurrence of olistostromal blocks of arenite and wacke throughout
the melange suggest that it did. Layer-parallel extension could
also occur by tectonic flattening under higher load pressure
deeper in an accretionary complex. However, by analogy with
modem examples, as thrust faults propagated into the sediment
mass (probably with continued burial to shallow depths), the axis
of maximum compressional stress (01) within the fault zone
would have to rotate into a shallow angle with respect to the main
layering, resulting in compressional shear approximately parallel to earlier formed extensional shear surfaces (see Moore et al.
( 1986) for a rock mechanical discussion of modern shear
cleavage formation). Folds of high amplitude but of short,
millimeter-scale wavelength were formed in thin carbonatebearing layers, presumably unconsolidated and therefore possessing lesser competency. Shearing along axjal surfaces of
outcrop-scale folds in metasiltstone, and shearing out of limbs
to produce tectonic clasts of hinge-zone remnants (fold hooks)
of thin metachert and metasandstone layers and quartz veins was
commonplace. The microstructures permit the interpretation
that this process occurred simultaneously with compressional
shear in clay-rich layers.
Many examples of matrix suggest, by comparison with
modem analogs, that shearing in unconsolidated or semiconsolidated clay-rich layers was responsible for the onset of the S2
shear-foliation. The geometry of the intersecting shears is
remarkably similar to that shown in examples, illustrated by
Tchalenko ( 1968), of natural and experimentally produced shear
zones in clay. Anastomosing surfaces in clay, on the same
millimeter to centimeter scale as seen in Hurricane matrix, result
from the intersection of main shear surfaces with subsidiary
thrust- and riedel shears (cf. Fig. 6b and Fig. 10 for possible
analogs in Hurricane matrix). In the Hurricane matrix, it appears
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that the microshears, once fonned in clay-rich layers, may have
propagated short distances, on a sub-millimeter scale, into silty
and tuffaceous layers as a consequence of continued deformation. In contrast, carbonate-rich, metapelite matrix (seen only in
cores: Fig. 6a) is conspicuous by the near absence of anastomosing cleavage and microphacoidal cl as ts. Moore et al. ( 1986) cite
a lower porosity and higher shear strength of calcareous
mudstone, compared to smectitic mudstone, as lithologic and
hydrodynamic causes producing this same contrast in Barbados
core samples.
The pervasiveness of these shear zones suggests that once a
shear zone is fonned, dewatering within the zone leads to greater
cohesion. Subsequent strain is taken up by development of new
shear zones in less deformed material adjacent to existing shears
(Moore et al., 1986). This is believed to be the repetitive process
by which a nearly penetrative S2 fabric was fonned. If, however,
S2 began as thrust and riedel shears in clayey matrix, crystallization of new chlorite and white mica would have had to
commence soon after the fonnation of the shears. Otherwise, it
is doubtful that shear surfaces, initially formed in unconsolidated
sediment, would survive subsequent deformation and low-grade
metamorphism. If the thrust and riedel shears were initially
prese:-ved thus, many might become small S-surfaces, depending
on their orientations within a stress field, in the further development of small-scale C and S fabrics, (Fig. 2e, f; Fig. 6b) as strain
hardening, recrystallization, and metamorphism ensued. Early
cleavage, St , (commonly parallel to, or at a small angle to flaser
structure, and to long axes of phacoidal or ellipsoidal clasts) is
interpreted to have begun during the stages of extensional shear
accompanied by homogeneous flattening within the flasershaped lithons. Relicts of S 1 may later have behaved as C
(cisaillement) shear surfaces (Berthe et al., 1979), if the melange
matrix continued to develop a high strain, shear zone fabric,
replete with S2 and S3 foliations. Mimetic crystallization on this
fabric during regional metamorphism, either Penobscottian or
Acadian, may only have served to enhance these foliations. The
geometries of the microstructures as now preserved at regional
chlorite - muscovite grade, and the common occurrence of
chlorites of varied Mg/Fe ratio (indicating disequilibrium between these solid solutions) that in part constitute these fabrics,
suggest that this has occurred.
The model proposed here apparently does not confonn in
one respect to the observations of Moore et al. (1986). Their
correlation of scaly fabric with fault zones suggests that its
formation is confined to a structural thickness of about 40 m from
a master fault. Either (a) major faults controlling the formation
of S2 shear fabric in the Hurricane Mountain Formation have
been overlooked, or (b) the continuation of the proposed process
toward an ultimate, pervasive, penetrative character causes the
earlier major faults, now inactive, to be masked, or (c) the timing
of formation of the S2 surfaces is unrelated to the melange-forming processes. The lack of marker horizons is an obvious
hindrance to solving this dilemma. Karig (1986) noted with
respect to the Nankai wedge," .. the significant thickness of these
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shear zones and early deactivation of some thrusts ....suggest that
sheared strata may also become strengthened" (italics
mine) .. "with continued strain, and deformations thus migrate
elsewhere or diffuse... " (p. 130).
This postulated continuum of deformation, leading from the
initial, extensional shear stage of formation of S 1 folia, accompanied by continued grain rotation and recrystallization with
flattening, followed by the fonnation and propagation of S2
anastomosing shear foliations, implies that both S 1 and S2 should
show generally similar orientations with respect to one another,
and consistent senses of shear, if their orientations with respect
to ambient stress fields were controlled by near-surface gravitational instability, burial, and deeper thrusting, as suggested in the
foregoing part of this discussion. These orientations and directions of shear are approximated by the southeast-dipping S2's
and SJa. As previously mentioned, the northwest-dipping S2 's
show opposing senses of shear. Their anastomosing patterns and
open curvature are similar to the southeast-dipping sets. Opposing senses of shear could have developed around lens-shaped
clasts by inhomogeneous flattening on the scale of the lenses, as
proposed by Hammond (1987) to explain microshear directions
around clasts in an Australian melange. Alternatively, the Hurricane Mountain melange S2 's showing northwest over southeast
thrust shear, indicate, in restored orientation, low-angle thrust
shearing antithetic to the more commonly observed northwestdirected shears. ln modem examples of backthrusting in sediments (cf. analysis of fault mechanics, Aleutian Trench: Davis
and von Huene, 1987), backthrusts are steeper in dip and make
a steeper angle with the main decollement than do the seawardvergent thrusts. Even though examples of the Hurricane
melange serve as a possible geometric analog, it is doubtful if
the process of backthrusting would generate pervasive, antithetical microshears in regional-scale volumes of an enclosing
melange. Hammond's interpretation for opposing senses of
microshear (Hammond, 1987) appears to be much more applicable to the observed shear senses on the S-surfaces of the
Hurricane melange.
One of the plots, S2 c (Fig. 8b), appears to have been rotated
on an axis random to the core axis. Its orientation is unaccounted
for.
The Hurricane matrix, already nultiply deformed on S2,
was thereby evolving toward a structurally competent lithology,
as the S3 foliations indicate. SJa + Jb foliations may represent
either late-stage Penobscottian, or Acadian deformation. The
zones of discrete crenulations and kinks, assigned to SJa (triangle-filled circles, Fig. 8b), show a shear sense of southeast side
up, or reverse faulting of southeast side over northwest. SJa
clearly truncates all other structures and in some examples is
axial planar to microfolds involving those structures. This displacement sense is the same as for the majority of the S2 's. It is
also in accord with field determination of Acadian reverse faulting along part of the Squirtgun fault, farther southwestward in
the Pierce Pond quadrangle (Boone, 1985), where the northwest
side of the Lobster Mountain anticlinorium is faulted against the
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overturned southeast limb of the Moose River synclinorium. It
is also in accord with the regional sense of Acadian thrusting or
reverse faulting, which extends from the northwestern side of the
Kearsarge-central Maine synclinorium, southeastward to the
Maine coast (Osberg et al., 1985). SJa therefore, if this assessment is correct, is the only evident main-phase Acadian (as
opposed to late- or post-Acadian kink band formation)
microstructural modification - localized and non-pervasive - of
the melange matrix. If some of the foliations, such as here
ascribed to the melange-forming St and S2 foliations, originated
in the Acadian, then they should produce structures characteristic
of the Hurricane matrix pervasively in other, post-Lower Ordovician, pre-Acadian formations of similar bulk composition to
the Hurricane matrix, rather than being confined as a penetrative
fabric distinctive to the Hurricane Mountain Formation. Given
the premise that S 1 and S2 were integral to the melange-forming
process, the likelihood cannot be dismissed, however, that
Acadian shear occurred a long preexisting foliations in the Hurricane Mountain melange.
Acadian deformation apparently was not thoroughly
penetrative in the Hurricane Mountain Formation and certain of
the younger pre-Silurian formations: this is demonstrated in
several areas where Kennebec Formation feeder dikes intrude
the Hurricane Mountain Formation. These can be seen in outcrop as well as in drill core, and are confined to the areas close
to contacts with the unconformably overlying Kennebec Formation. Peli tic zones of melange against some of the dikes preserve
small relicts of porphyroblastic cordierite, but they are elongated
parallel to one or another of the SJa or SJb sets. The distinctive
fabric formed by St and S2 is apparently much modified by
recrystallization and further deformation along these contacts.
The dike margins are weakly foliated parallel to the S3 orientations in their wall rocks (Fig. 6f). The foliations distinctive to
the bulk of the melange, s I and S2, therefore probably originated
prior to the Middle Ordovician Kennebec volcanic episode.
The pace and compass map (Fig. 9) of an inferred halfgraben structure, showing Hurricane matrix in contact with
much less deformed strata of Kennebec volcaniclastic rocks,
illustrates a common pseudoconformity of strike and steep dip
of principal planar elements in both the Hurricane Mountain
Formation and overlying younger strata. It is only in larger,
quadrangle-scale perspective (e.g., Fig. I) that the stratigraphic
aspects of unconformity are evident. Figure 9, and other local
examples of pseudoconformity (Boone, 1973) and unconformity
(Marvinney, 1982, 1984) involving the Dead River and The
Forks Formations, suggest the prevalence of gentle dips of
pre-Middle Ordovician stratification and foliations when the
Kennebec Formation, Lobster Mountain Volcanic Complex, and
The Forks Formation were deposited. The times of their deposition range from Llandeilo in the Middle Ordovician, to probably
Early Silurian (late Llandovery; cf. Marvinney, 1982, 1984).
The postulated Acadian rotation of Penobscottian structures
in the Lobster Mountain anticlinorium was nearly coaxial with,
and roughly of the same magnitude as the steeply dipping,

southeast-facing, Silurian and Devonian strata which bound the
anticlinorium on its southeast side. This implies that a structural
"rind" of pre-Silurian rocks of unknown thickness below the
unconformity, and an undetermined thickness of Silurian and
Devonian covering strata above that surface, underwent
coherent Acadian fold-rotations. The basal strata above the
pre-Silurian unconformity are mainly calcareous phyllite,
siltstone and limestone. If most of the pore fluids in these rocks
had been expelled before Acadian folding, they may have attained shearing strength great enough to behave structurally
coherent with the strata beneath, instead of acting as a
decollement zone.
Figure 10 shows in diagrammatic form the commonest
present-day structural attitude of S-surfaces in the matrix of the
melange. The divergence in strike and dip of S2 and S3a in the
Hurricane matrix of the core samples (Fig. 8b,c) is virtually the
same as that of Acadian c leavage in younger, Silurian and
Devonian strata. This indicates that the postulated imprecise
orientation of core samples with respect to plunge of the core
axes, as questioned earlier, probably does not contribute much
to the dispersion of S2 and S3.
To summarize, Figures I 0 a nd 11 show diagrammatically
that the sense of shear and microfold geometry belonging to S 1,
S2, and most of the S3a's and S3b'S of the Hurricane Mountain
melange matrix would conform to a thrust orientation with

5cm-- - - - Figure I 0. Block diagram showing relationship of steeply dipping S 1
cleavage oriented at very shallow angles to sheared layering (lower left)
and S2 main shears (M), thrust shears (T) and riedel-like shears (R) at
shallow angles to S 1. Shear separations and sheared margins of
metasiltstone in fold crest (bottom center) and quartz arenite microclasts
(dotted pattern in clasts, left) conform to same shear sense. Late kink
folds and discrete crenulation cleavages not shown. View is toward
north, and is in approximately the same orientation as Figure l l.
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SE

Figure 11. Perspective diagram showing interpretation of tectonic setting of Hurricane Mountain Formation accretionary complex
in Late Cambrian to earliest Ordovician time. With subduction of oceanic crust (Jim Pond Formation and underlying mantle), the
Hurricane Mountain melange will mark the suture zone between the Boundary Mountains and Gander terranes. The southeast margin
of the Boundary Mountains terrane is a passive margin. Cut-away in mantle wedge above subducted oceanic lithosphere shows
arrow to indicate possible location and direction of transport of Mid- to Late Cambrian felsic lavas of the upper part of the Jim Pond
Formation. Dead River Formation is deposited as volcanogenic flysch on the fore-arc upper slope, upon tectonically inactive, older
Hurricane Mountain Formation. View is toward the north.

regard to the interpretation of restored geometry of an accretion-

ary complex and its relationship to a present-day southeast
polarity of late Cambrian subduction.

Time of Deformation
The evolution of ideas about the early assembly of the
northern Appalachians in Maine has been strongly influenced by
the belief that the Taconian orogeny produced folds and associated penetrative fabrics in rocks well to the east and
southeast of the classic Taconic fold belt of western New
England and Quebec. Pavlides et al. (1968) summarized
prevalent opinion in the 1960's on the role of the Taconian
orogeny in this area. Deformed (and polydeformed) rocks
beneath unconformities covered by Silurian strata in central New
England, Maine, and into western New Brunswick were logically interpreted as expressing Taconian deformation, uplift and
erosion. Only in the apparent continuity of stratigraphy from
Middle Ordovician (now considered as Llandeilo to Caradoc; cf.
Osberg et al., 1985) to Silurian rocks (cf. Rickards and Riva,
1981) of the Aroostook - Matapedia belt of northeastern Maine
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did there seem to be an exception to the broad coverage of
Taconian deformation.
Subsequent work along, and southeast of, the axis of the
Boundary Mountains anticlinorium showed that Taconian deformation is muted, apparently being expressed by broad warping,
local faulting, and moderate magmatic activity. Moench ( 1969)
recorded a conformable contact between strata of Middle to
Upper Ordovician age and overlying Ordovician(?) to Devonian
strata in the Rangeley area. The Taconic unconformity, expressed by uplift of the anticlinorium, thus gives way to a
conformable sequence on its southeast flank; the region of onlap
was termed a tectonic hinge line (Boone et al., 1970).
Recent mapping by Cousineau ( 1987) in the region of
l 'Estrie - Beauce, Quebec, shows that the predominantly volcaniclastic strata of the Magog Group contain only one cleavage.
The Magog Group is Middle Ordovician (Llandeilian, or possibly pre-Llandeilian, to Caradocian; Cousineau, 1987) and crops
out in the St. Victor synclinorium, which is in thrust contact with
the St. Daniel belt. Petrographic and chemical comparison of
clasts in the St. Daniel belt with strata of similar lithologies in
the Frontiere Formation, basal to the Magog Group, implies the
thrusting was not of regional dimensions. Comparison of
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cleavage in the Magog strata with that in the Famine Fonnation
of the St. Francis Group, across the Guadalupe thrust fault in the
neighboring Connecticut Valley - Gaspe trough, indicates the
cleavage is Acadian (Cousineau, 1987) because the Famine
Fonnation contains an Eifelian (lower Middle Devonian) fauna
(Boucot and Drapeau, 1968). It is therefore of more than passing
interest that in this area just to the southeast of the Baie Verte
Brompton line in southeastern Quebec, the Taconian orogeny
folded the Magog strata, but apparently did not produce a
penetrat ive cleavage in them (Cousineau, 1987) .
A pre-Middle Ordovician unconfonnity in the Lobster
Mountain anticlinorium (Boone, 1983) separates moderately
folded and cleaved volcanic and volcaniclastic rocks of the
Kennebec Fonnation from the polydefonned strata of the Jim
Pond, Hurricane Mountain, and Dead River Fonnations below.
The oldest strata (Kennebec Fonnation) above the unconfonnity
contain a Middle Ordovician (Boucot and Heath, 1969), Lianvim to Llandeilo (cf. Ross et al., 1982) fossil assemblage.
Recent mapping (Simmons, 1987, 1988 (Simmons Major)) has
shown that the Lobster Mountain Volcanic Complex (Bou cot and
Heath, 1969), which contains a shelly fauna of Ashgillian age
(Neuman, 1973) near the top of the succession, is probably in
gradational lower contact with the Kennebec Fonnation. Therefore, a Taconian unconfonnity in its classical sense is apparently
absent. The pre-Middle Ordovician unconformity could be considered Taconian only if viewed as an extremely early phase of
the Taconian. Although Rodgers ( 1971) likened the orogenic
events broadly categorizing the Taconian in the type Taconic belt
to a bullish stock market cycle, he aptly cautioned (Rodgers,
1971 , p. 1170): "Above all, let us be wary..... of extending the
term Taconic orogeny... beyond the region where Ordovician
activity was in fact considerably greater than either Cambrian or
Silurian." To this may be added the caveat of linking orogenies
across major terrane boundaries.
The indication of a pre-Taconian, Early Paleozoic orogenic
event along the Lobster Mountain - Lunksoos anticlinoria was
first cited by Neuman (in Neuman and Rankin, 1966) to account
for polydefonned strata of the Grand Pitch Formation, then
considered to be of probable Lower Cambrian age, in the vicinity
of the type locality on the East Branch of the Penobscot River,
within the Lunksoos anticlinorium (cf. Neuman , 1962).
Neuman demonstrated that these rocks lie unconformably
beneath strata containing Early to Middle Ordovician fossils. He
tenned the intervening folding and cleavage-forming event the
Penobscottian disturbance (Neuman and Rankin, 1966, p. 8-17;
Neuman, 1967, p. 32-33). A pre-Middle Ordovician event was
also recognized by Hall ( 1969). Hall ( 1970) assigned this event
to the Penobscottian in the Munsungun anticlinorium. Both
Neuman and Hall assigned tilting, and broad, open folding, as
well as magmatic activity to the Taconian in their respective
areas, but neither in the Lunksoos nor in the Munsungun was a
Taconian cleavage-forming event recognized. As Hall ( 1970, p.
44) noted, the "Penobscot deformation appears to have been
considerably more intense than the Taconic and probably the

Acadian." Continued mapping and age refinements of rocks in
the central and northern parts of the Lobster Mountain anticlinorium lead to the view that the Penobscottian, probably to
the exclusion of the Taconian, was the major pre-Acadian
cleavage-fonning orogenic event in this region. This follows
from the cited stratigraphic ages and from the observation that
the moderately folded rocks of the Kennebec Fonnation and
Lobster Mountain Volcanic Complex are simply defonned, and
contain fold- and cleavage geometries that are colinear and
coplanar with Acadian counterparts in nearby Silurian and
Devonian strata.
The origin of highly contorted foliation in exotic blocks of
high-grade amphibolite gneiss in the Indian Pond area, Brassua
Lake 15' quadrangle (Figs. 4 and 12) clearly predates their
incorporation in the melange matrix, as their contacts with
matrix mark a profound structural, as well as metamorphic
discontinuity. The blocks are considered remnants of the earliest
known Penobscottian dynarnothennal metamorphism, as arnphibolites of similar age and structure are unknown elsewhere.
Their origin and age are discussed in following sections on
petrology and isotopic apparent age.
Boone and Boudette ( 1989) summarize the evidence for the
timing and regional extent of the Penobscottian orogeny in
Maine, Quebec, and northwestern New Brunswick, and propose
that the Penobscottian resulted from the collision and amalgamation of the Boundary Mountains terrane, northwest of the Lobster
Mountain anticlinorium, and a second terrane, probably the
Gander (Basement C of Osberg, 1978), to the southeast. The
Hurricane Mountain Formation melange is interpreted to be the
suture zone along which terrane-accretion took place. This zone
is tenned the Hurricane Mountain belt and is inferred to extend
from the Lobster Mountain anticlinorium northeastward across
Maine, linking the melanges of the Caucomgomoc inlier (Pollock, 1985, 1989), the Chesuncook dome, and the Munsungun
anticlinorium (Hall, 1970; Boone et al., 1984) with the Elmtree
inlier in New Brunswick. The reader is referred to Boone and
Boudette (1989) to pursue this tectonic model.

METAMORPHIC HISTORY
Five metamorphic events, summarized in Table 3, are recognized in the rocks of the Lobster Mountain anticlinorium. Lateto post-Acadian, M2 and MJ metamorphism (Acadian designation) is locally dominant around the Pierce Pond gabbroic intrusion and around the Flagstaff Lake Igneous Complex (PPG
and FLIC, Fig. 1) in the central and southwestern part of the
Lobster Mountain anticlinorium. Fortunately, for the purpose of
documenting Penobscottian events, the melange matrix, as well
as clasts and fault-bounded mafic intrusive rocks in the Indian
Pond area of the anticlinorium, have the least of Acadian regional
overprint, and apparently have no overprint of Acadian contact
metamorphism. Farther north, around the volcanic center of
Lobster Mountain, late Ordovician contact metamorphism local-
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TABLE 3. METAMORPHIC EVENTS RECOGNIZED IN THE ROCKS
OF THE LOBSTER MOUNTAIN ANTICLINORIUM.
Event

Mineral Assemblage

Lale- or posl-Acadian
contact metamorphism
Biotite-muscovite to K-felds par-cordierite

M213
Acadian regional metamorphism
M1
Late Ordovician (Ashgill)
contact metamorphism
Mo.c.

Penobscottian metamorphism
Mp2
(a) regional
(b) contact &
fault zone
Mp1

Chlorite-whitc mica

Spotted slate (pinitized cordierite
porphyroblasts)
Chlorite-stilpnomelane-actinolite-cpidoteAb(lowest grcenschist) in mctabasites
Anchimetamorphic to chlorite-white mica
Biotite-ilmenite±gamet(?)±andalusitc('?)
al contact with gabbro sill: bio1i1cilmeni1e in pro1omyloni1ic shear zones
Pumpcllyi1e-ac1inoli1e to amphibolile;
local preservation ofhi-P assemblage
(only in exotic melabasite boulders and
blocks in Mp2-metamorphosed melange)

ly took the wall rocks up to lowest-greenschist rank in analyzed
metabasites (Helsel, 1986; Helsel and Boone, 1987). Cordierite
is common as small porphyroblasts in metapelites, and epidote
in felsic tuffs. Milder contact effects, related to Kennebec volcanism in the Indian Pond area, and Lobster Mountain volcanism
in the Northeast Carry 15' quadrangle, are seen where relict
cordierite porphyroblasts are streaked out along Acadian
cleavages in narrow selvages of Hurricane matrix where it forms
host-rock to feeder dikes. These effects do not pervade the rocks
beyond distances of a few decimeters from the dike contacts, as
studied in core samples and in outcrop.
At the north end of Indian Pond, however, sparse garnet and
possibly relict andalusite occur in the matrix of the melange. The
garnet was found only by probe scanning, and is of extremely
fine grain size. The core and rim analyses (Table 4) on one of
the larger, 10-µm -long grains, shows a zonation of composition
from an almandine-pyrope-rich core to spessartine-rich rim. The

grain is lens-shaped parallel to the S 1 foliation, and the zoning
is apparently concentric to that shape. It is weakly birefringent,
but does not match the optical characteristics of its compositionally closest anisotropic analog, carpholite. These observations
suggest that the garnet is porphyroclastic. If so, it is an unusually
sparse relict of an earlier, higher-grade metamorphic event in the
melange here, or it originally was introduced as a elastic component during sedimentation. The chlorite - white mica-rich
assemblage gives no hint of an earlier, higher grade event. Of
the several grains identified, none has porphyroblastic fabric
relationships to the matrix that would be typical of garnet.
Microprobe analyses of the extremely fine-grained white
micas and chlorites, so common to the matrix, thus far have not
yielded single-mineral stoichiometries. From optical characteristics as well as the microprobe results, it appears the chlorites
are ripidolitic, and have a wide range of atomic ratios of Mg/Mg
+ Fe + Mn from - 0.2 to 0.8.

Metamorphism ofAmphibole-Bearing Exotic Blocks and
Intrusive Metagabbro, Indian Pond Area
Description. The metabasite blocks range from chlorite-actinol i te-pumpellyite-epidote-bearing metatuffs with wellpreserved, primary pyroclastic textures, to actinolite-edenitic
winchite-albite-epidote-bearing, fine-grained greenschists, to
(in three of the largest rafts) pargasitic homblende-zoisite-Mg
chlorite-albite-bearing, strongly foliated amphibolite. Other
blocks of high-temperature origin are fault-bounded metagabbro
of intrusive origin in the melange, and metadiabase sills and
dikes.
Metagabbroic rocks within the Hurricane Mountain Formation are generally medium-grained, with local patches of relict
gabbroic pegmatite. Metagabbro is commonly massive in outcrop, but relict igneous layering occurs in layered metagabbro
of the Stony Mountain block, SW quarter of the Pierce Pond
quadrangle (Fig. I). The metagabbros of the Indian Pond area
(Fig. 4, locality 3; photomicrographs shown in Fig. 13) show, by
virtue of their chalky plagioclase laths and dark green, amphibole pseudomorphs of pyroxene, a relict massive fabric and
texture. ln most outcrops, it can be seen that the metagabbros
are transected by thin, chlorite-rich shears. Many of these are
planar to broadly curvilinear and may be several decimeters
long. Others are of millimeter to centimeter scale, and form

Figure 12. Photomicrographs of amphibolite from "M- 17" megaclast, west of northwest cove of Indian Pond, Tl R7 township (cf.
Fig. 4, and Fig. 5a, b). (a), (b), and (c) Microfolded foliation outlined by sphene swarms in (a) and (b), and by pargasitic hornblende
in (c). The 1.0 mm scale bar applies to (b), (c) and (d). Light gray areas in (a) are hornblende (lower left) and altered plagioclase;
light gray areas in (b) are altered plagioclase. (c) Altered plagioclase of intermediate composition (see text) is found as layers along
fold limbs (upper right). Small patches of clear al bite occur in hinge zone of disharmonic fold. (d) and (e) Common textural relations
of albite. In (d), crenulated al bite-rich vein cuts older foliation defined by hornblende and altered intermediate plagioclase. Part of
lens of older plagioclase shown in lower right. At high magnification (e), twinned albite (cente r) is separated from hornblende prisms
by thin selvages of magnesian chlorite decorating their margins. Dark patch, lower left, consists of polygranular sphene, chlorite,
and epidote. Light area, upper right, is older, altered plagioclase of hornblende+ Ca-richer plagioclase earlier assemblage.
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TABLE 4. ELECTRON MICROPROBE ANALYSES OF SELECTED METAMORPHIC MINERALS, HURRICANE MOUNTAIN FORMATION
MELANGE, INDIAN POND AREA.
CALCIFEROUS AMPHIBOLES
Round Pond Block
M-25.5
2

Amphibolile Block, W of NW cove , Indian Pond
M-17
4
3
5

Si02
AhOJ
Fe20 3t
Ti02
MgO
FeO
MnO
ZnO
Cao
Na20
KiO
Cl

49.05
6.21
3.25
0.10
13.23
13.02
0.23
0.05
8.40
3.3 1
0.15
0.00

50.92
5.95
3.11
0.11
12.88
12.58
0.35
0.16
8.37
2.69
0.16
0.18

43.79
15.05
2.83
0.41
10.69
11.46
0.23
0.05
10.00
2.00
0.21
0.07

46.17
11.07
2.23
0.37
13.04
10.51
0.1 3
0.00
11.01
1.53
0.20
0.00

45.09
14.49
2.76
0.45
11.79
10.53
0.23
0.00
10. 19
2.06
0.21
0.04

Total

97.00

97.57

96.91

96.73

97.84

T

Si
Al iv

7.08
0.92

7.28
0.72

6.30
1.70

6.69
1.31

6.41
1.59

M1 -3

Alvi
Fc3+
Ti

0.28
0.36
0.01
2.74
1.52
0.04
0.02

0.85
0.33
0.04
2.29
1.39
O.Q3
0.01

0.58
0.26
0.04
2.82
1.29

Mn
Zn

0.14
0.37
0.01
2.85
1.60
0.03
O.ot

0.00

0.84
0.31
0.05
2.50
1.29
0.03
0.00

:E

5.01

4.97

4.99

5.01

5.02

Ca
Na

1.33
0.67

1.31
0.74

1.58
0.44

1.71
0.29

1.55
0.45

:E

2.00

2.05

2.02

2.00

2.00

Na
K

0.28
O.Q3

om

O.o2

0.14
0.04

0.14
0.04

0.12
0.04

:E

0.31

0.05

0.18

0. 18

0. 16

0.63

0.63

0.62

0.68

0.66

(B)

(B)

(B)

~~+

M4

A

MgO/FMO
(molecular)

(A)
(A)
(A): Sodic-calcic amphibole (ferric, edeniric 10 acrinolitic winchile).
(B): Calcic amphibole (barroisiric, tschennakiric pargasile).

O.o2

fFe20 3: from Fe3+ calculated from Laird and Albee (198 la) nonnalizalion 3.

irregular, intersecting arrays. Quartz veins and irregular, lenslike knots of quartz are less common. In thin section, relict
plagioclase exhibits stout idiomorphic laths (Fig. l 3a); relict
pyroxene (augite?) occurs as irregular, subidiomorphic, large
prisms (Fig. 13d) that are less abundant than the plagioclase
laths. These constitute the relict texture of the rock. They are
surrounded by radiating splays of sodic-calcic amphibole (Fig.
l 3b) showing a range of compositions (Table 4). The amphiboles within these clusters, in tum, may be partly surrounded
by small patches of clear albite (Fig. 13b,c). Accessory apatite
occurs as stout prisms. Ilmenite (Fig. l 3c), as irregular, rounded,
xenomorphic grains, and sparse pyrite, make up the accessory
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opaque minerals. The plagioclase laths have a pronounced
granular appearance owing to clots of very fine-grained sphene
and epidote set amidst cloudy plagioclase of varied, intermediate
composition (optically oligoclase to andesine). The relict
pyroxene prisms contain a patchwork of edenitic hornblende
within subcalcic augite (Table 4).
Metabasite blocks range from pillowed metabasalt, poorly
foliated greenstone, well layered to well foliated metatuff and
green phyllite (Fig. l 3g), to fine-grained greenschist (Fig. l 3e,t),
and coarse-grained, well foliated amphibolite in which irregular
lenses of coarse metamorphic pegmatite may occur (Fig. Sa,b).
Greenschist and amphibolite commonly display a highly con-

Hurricane Mountain Formation melange
TABLE 4. CONTINUED.

6

CALCIFEROUS AMPHIBOLES (CONTINUED)
Gabbro Point, Indian Pond
7
8
9
10

S iCh
AJi03
Cri03
Fe203t
T i0 2
MgO
FeO
MnO
Cao
Na20
K10

47.1 1
5.68
0.00
2.92
1.43
10.97
17.20
0.58
10.31
1.82
0.49

45.82
6.10
0.06
2.94
0.06
5.95
24.43
0.66
10.40
1.50
0.20

43.22
8.49
0.00
3.96
0.18
5.47
24.20
0.47
9.86
2.09
0.15

Total

99.34

99.05

T

Si
Al iv

6.92
1.08

M 1.3

Alvi
Fe 3+
cr3+
Ti

A

12

13

7.76
22.64
0.83
9.47
1.49
0. 15

40.61
13.55
0.00
2.44
0.00
3.3 1
24.82
0.51
10.54
2.39
0.2 1

48.46
4.37
0.02
2.01
0.1 1
6.55
24.99
0.57
11.50
0.58
0.23

4 1.34
10.75
0.00
2.7 1
0.00
3.39
26.8 1
0.35
10.51
2.49
0.25

42.47
9.30
0.05
2.79
0.80
4.60
25.70
0.58
10.65
2. 18
0.34

98.09

99.07

98.38

99.39

98.61

99.47

6.97
1.03

6.57
1.43

7.12
0.88

6.23
1.77

7.28
0.72

6.39
1.61

6.48
1.52

0. 10
0.48

0.42

0.68
0.29

0.35
0.32

0.02
1.24
3. 11
0.06

0.01
1.71
2.82
0.10

0.54
0.24
0.02
0.0 1
1.47
3. 15

0.15
0.30
0.06
O.o9
1.05
3.30
0.08

48.04
5.06
0.00
3.56

om

Mn

om

0.07
0.36
0.01
O.oJ
1.35
3.13
0.09

om

om

0.78
3.49
0.05

L

5.1 0

5.02

5.01

5.06

5.01

5.50

4.99

5.07

Ca
Na

1.62
0.28

1.70
0.30

1.6 1
0.39

1.50
0.43

1.73
0.27

1.85
0.15

1.74
0.26

1.74
0 .26

L

1.90

2.00

2.00

1.93

2.00

2.00

2.00

2.00

Na
K

0.24
0.09

0.14
0.04

0.22
0.04

O.Q3

0.44
0.04

0.02
0.04

0.49
0.05

om

L

0.33

0.18

0.26

0.03

0.48

0.06

0.54

0.45

Brown

Pale
Bl-Gm

Deep
Blue

Deep
Bl-Gm

GreenBlue

Dark
Blue

Dark
Blue

Dark
Blue

0.52

0.30

0.28

0.37

0. 19

0.31

0. 18

0.24

(C)

(C)

(D)

(E)

(D)

(E)

(D)

(D)

~t

M4

II

MgO/FMO
(molecular)

0.34
0. 16
2.40
2. 13

0.76
3.2 1

0.38

Calcic amphibolcs: (C), ferri-barroisitic edenite; (D). ferric to low-Fe3+, barroisitic ferro-tschermakite; (E), barroisitic ferro-actinolite.
Fe20 3: from Fe +calculated from Laird and Albee (198 la) normalization 3.

torted, multiply-folded foliation (Fig. 5; Fig. l 2c,d). The
metabasites of lower metamorphic grade suggest they were
fonned either as flows in a marine environment, (where they
show flattened, indistinct pillows or well preserved pillow structure), or as aquagene tuffs. Most of the relict flow-rocks are
aphyric, and contain carbonate minerals in lenses or in small,
relict vesicles. In thin section, they are observed to contain
pumpellyite and epidote (Frost, 1977), commonly with actinolite, but in one example, with a sodic-calcic amphibole close
to winchite in composition (Table 4). They are very finegrained, but epidote commonly is subidioblastic, and may show
zoning from pistacite-rich cores to clinozoisite-richer rims (Fig.
I 3e,f). All contain abundant sphene, rutile, and locally,

hematite. (Sphene-, epidote-, and rutile-rich shear bands in
melange matrix may represent metatuff layers or cl as ts that have
been extensively drawn out and attenuated.) Metatuffs and
mafic, volcaniclastic metasedimentary rocks may show gradations between them on the scale of outcrop or hand specimen,
which commonly imbues the rock with a wispy, undulose layering that appears to be structurally independent of a rough, but
more or less planar foliation where present. They are commonly
fine-grained and granulose, and variously dark green or pale
yellowish green, depending on variations in chlorite and epidote.
Blocks derived by segmentation or boudinage of small sills or
dikes are gray, fine-grained, and commonly massive. Locally
they may show small, relict plagioclase phenocrysts.
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TABLE 4. CONTINUED.
SUBCALCIC AUGITE 1
Gabbro Point
I

2

Si02
AJi03
Cri03
Ti02
MgO
FeO
MnO
Cao
Na:zO
KiO

53.1 1
0.60
0.09
0.04
11 .67
20.93
0.26
11 .05
0.19
0.00

54.99
3.22
0.11
0.00
16.85
12.22
0.35
11.09
0.73
0.09

53.54
4.44
0.03
0.09
15. 16
13.52
0.28
10.57
1.22

O.IO

56.88
1.96
0.01
0.04
18.57
9.78
0.1 9
11.80
0.55
0.03

Total

97.94

99.64

98.95

99.82

Si
Al iv
Al vi
cr3+
Ti

2.10

2.04

2.00

2.09

0.03
tr
tr
0.69
0.69
0.0 1
0.47
0.01

0.14
tr

0.20
tr
tr
0.85
0.42
o.oi
0.42
0.09
0.0 1

0.08
tr
tr
1.02
0.30
o.oi
0.46
0.04
tr

~~+
Mn
Ca
Na
K
Jd
Cats
Wo
En
Fs*

0.4
0.5
25.2
36.9
37.0

MgO/FMO(moles)

China Island Block
3

0.93
0.38

O.DI
0.44
0.05
tr
2.8
2.5
21.8
51.3
21.6

26
37
37

0.50

0.1
2.8
20.5
47.2
23.9

23
54
23

4

2.2
l.1
24.1
55.7
16.9

22
52
26

0.67

0.70

25
58
17

0.77

Fe + not required in Essene-Fyffe ( 1967) normalization of these analyses.
*Includes MnSi03
Round Pond
El

EPIDOTE, PUMPELLYITE, AND SPHENE
China Island
E2
E3
Pl

Si02
A'20J
CriOJ
Fe20 l
Ti<h
MgO
Mn2032
Cao
Na20
Ki O

35.68
22.38
0.00
15.00
0.06
0.00
0.38
22.80
O.ot
0.00

38.41
24.64
0.20
I0.81
0.17
0. 13
0.33
23.01
0.00
0.05

36.60
26.28
0.o3
9.57
0.00
0. 13
0.13
23.26
0.02
0.00

37.10
23.89
0.08
12.87
0.08
2.46
0.00
20.08
0.11
0.00

Total

97.01

97.72

97.01

96.68

Si
Aliv
Alvi
cr3+
Ti

2.9 1
0.09
2.06

3.02

2.94
0.06
2.42
0.03

5.91
0.09
4.40
0.01
0.01
0.59

~~+
Fe3+
Mn3+
Ca
Na
K
(Fc+Cr+Mn)
(Al+Fe+Cr+Mn)

CZ
PC
PM (mole%)

tr
0.00
0.92
0.02
J.99
0.05
0.30
54
45
I

2.30
0.20
0.0 1
0.00
0.64
0.02
1.94
tr
0.23
67
32
I

0.00

1.54

0.58
o.oi
2.00
tr

3.43
0.04

0.20

0.26
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Si(h
A)i0 3
Ti02
MgO
Fe01
MnO
Cao
Na20
K10

70
29

30.72
1.75
37.80
0.67
1.22
0.05
27.75
0.04
0.05
100.04

Si
Al
Ti
Mg
Fe
Mn
Ca
Na

K

!Compared to published analyses (cf. Deer et al., 1962) Fe01 is anomalously high by ca. 4%, and the anhydrous total, by ca. 2%.
Fe and Mn treated as trivalent.

2

s

0.99
0.07
0.92
0.o3
0.03
tr
0.96
tr
tr
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TABLE 4. CONTINUED.
PLAGIOCLASE
Round Pond
3

Gabbro Point
2

4

M- 17 Amphibolite
5

6

67.84
20.02
0.16
0.00
0.02
0.00
0.00
1.04
10.80
0.92

66.66
21.36
0.00
0.04
0.05
0. 19
0.01
l.1 8
9.93
0.00

Si02
Ali03
1
Fe203
Ti02
MgO
FeO
MnO
Cao
Na20
K iO

56.74
21.67
7.98
0.02
0.04
0.36
0.00
4.83
7.83
0.31

61.8 1
23.66
0.00
0.01
0.24
1.2 1
0.00
1.42
8.43
2.46

68.2 1
19.84
0.00
0.00
0. 18
0.00
0.09
11.54
0.02

68.36
20.27
0.00
0.00
0.00
0.03
0.00
1.25
10.41
0.22

Total

99.79

99.25

99.90

100.53

100.79

99.42

Si
Aliv
Al'"
Fe 3•
Ti

2.58
1.16

2.76
1.24

2.99
1.01

2.99
1.01
0.03

2.95
1.03

2.96
l.04
0.08

tr
0.02
0.05

tr

~~.

0.26
tr
tr
0 .06

0.01

tr

Mn
Ca
Na
K

0.24
0.69
0.02

0 .07
0.73
0. 14

tr
0.98
tr

0.06
0.89
0.0 1

0.01

2.0
73.0
25.0

Or
Ab
An(mole %)

O.D2

tr

15.0
78.0
7.0

0. l
99.5
0.4

1.0
92.7
6.3

0.05
0.9 1
0.05
4.9
90.3
4.8

tr
tr
0.01
tr
0.06
0.86

0.0
93.9
6. 1

Fe + assigned to fill T-site deficiency in Si + Al.
GARNET
Porphyroclast (?) in Ti-Fe-rich. semipelitic melange matrix, Indian Pond
Core
Rim, inner portion,
I
2

Rim.edge

3

SiOi
A(i03
CriOJ
Ti02
MgO
FeO
MnO
Cao
Na20
KiO

36.91
23.34
0.03
0.03
4.09
28.99
2.71
4.62
0.05
0.04

37.75
2 1.91
0.00
0.01
1.99
19.24
14.37
4.28
0. 11
0.07

36.82
22. 16
0.00
0.06
1.49
15.37
18.42
4.03
0.06
0.04

Total

100.8 1

99.70

98.48

Si
Al vi
Cr3+
Ti

~~.
Mn
Ca
*
I:Vlll
Almandine
Spessartine
Py rope
Grossular (mole %)

2.90
2. 16
tr
0.002
0.48
1.90
0.18
0.39

3.04
2.08

3.01
2. 13

0.005
0.24
1.29
0.98
0.37

0.004
0.1 8
1.05
1.27
0.35

2.95

2.88

2.85

64
6
16
13

45
34
8
13

37
45

6
12

*Alkalies omitted in normal ization to eight cations.
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Hurricane Mountain Formation melange

The pargasitic hornblende-rich amphibolite tectonites of the
largest of the megaclasts (see Fig. 4) are surprisingly coarsegrained and attain locally a gneissic fabric, owing to the presence
of plagioclase-rich, quartz-bearing, irregular veins and pods
(Fig. 5a,b). A swirled, chaotic foliation is common. The foliation, clearly outlined by hornblende, can also be traced in thin
section by swarms of sphene crystals (Fig. I 2a,b) and in other
samples, by anhedral rutile grains. Hornblende crystals are not
bent or fractured where they form the hinge-zones of small folds
(Fig. 12c). As shown in Figure 12b, the sphene swarms are
commonly embedded in patches of densely clouded plagioclase.
Zoisite is locally present in these patches. Locally, very coarse,
clouded-plagioclase-rich patches, some as large as 30 cm across,
resemble anatectic or metamorphic pegmatites. On a localized
scale in thin section, small anhedral lenses of clear albite of Ans-6
in composition (Table 4) are tucked between hornblende prisms.
Clouded plagioclase inclusions within hornblende, and in the
patchy, irregular lenses, range in composition between A024 and
An31, based on extinction angles in a-normal sections. Around
the clear albite grains intergranular to hornblende, locally some
of the margins of the hornblendes are minutely corroded and
incompletely mantled by tiny plates of chlorite. Ptygmatically
folded veins of albite cut across the amphibolite foliation (Fig.
l 2d). Apatite and hematite are accessories.
In terpretation. The collective history experienced by these
metabasites is explored first in those of higher temperature initial
origin. The metagabbros and amphibolites contain
polymetamorphic mineral assemblages. Higher temperature
relicts stand out amid assemblages of successively lower
temperature conditions, either at low pressure, or medium-high
pressure. The origin of amphibole in metagabbro, and in amphibolite and greenschist blocks in otherwise subgreenschist to
lowest greenschist facies melange matrix can be ascribed to
several possible tectono-metamorphic environments. In descending order (a crude lithospheric analogy) from spreading
ridges to consuming plate boundaries, they are: (I) burial
metamorphism under low pressure along the flanks of an actively
spreading, accretionary plate boundary (Miyashiro et al., 1971 );
(2) contact dynamothermal metamorphism by dike- and sillswarms in the same tectonic setting; and, as summarized by
Malpas et al. (1973): (3) preserved mantle tectonite; (4) accre-

tionary plate boundary magmatism ; (5) dynamothermal
metamorphism along transform faults; (6) contact dynamothermal or static metamorphism within an evolving island arc; (7)
dynamothermal metamorphism, commonly high pressure,
during ophiolite obduction; and (8) subduction-related, green- to
blueschist facies metamorphism. None of the eight hypothetical
petrogeneses can be dismissed categorically for the origin of the
exotic metabasites in the Hurricane Mountain Formation.
The metamorphic history of the metagabbros is discussed
first. The gabbroic protoliths, where studied extensively in
samples from Indian Pond, originated as clinopyroxene-rich,
olivine-free, low-titanium ferrogabbros. Vestiges of orthopyroxene are not found, but as Ferry ( 1985) has documented
for the Skye gabbros, clinopyroxene, as opposed to orthopyroxene, can remain remarkably resistant to retrograde alteration. It is not yet known if fluid pressure, fluid flow, or
oxygen fugacities in the Indian Pond metagabbros progressed
during metamorphism as they did in the Skye examples, nor is
it clear as to whether the pyroxenes found at Indian Pond are
magmatic relicts, or are metamorphic. Because the Indian Pond
metagabbros are strongly amphibolitized, and because actinolitic and common calciferous hornblendes occupy a niche
intermediate in Ca-content to clino- and orthopyroxenes, these
gabbroic protoliths could well have had compositions of normal
two-pyroxene (tholeiitic) gabbros. The preservation of small
percentages of clinopyroxene enhances this compositionallybased argument. Detracting from this argument, however, is that
microprobe analysis shows the clinopyroxene to be subcalcic
augite (augite analysis 1, Table 4); this has a Ca/Ca+ Mg+ Fe
atomic ratio not much removed from that of the calcic and
sodic-calcic amphiboles (amphibole analyses 6-13) coexisting
with it. Similar subcalcic augite, but with higher Al-contents
(augite analyses 2-4) occurs in an epidote amphibolite megaclast
("China Island" of Fig. 4) about 1 km (0.6 mi) northwestward
across strike. Textural relations here suggest the augite is
metamorphic, which implies it owes its origin to crystallization
in an H20-deficient environment. Although the same could
apply to the metamorphic environment of the metagabbro of
"Gabbro Point", Indian Pond (Fig. 4), the relict igneous interpretation of the subcalcic augite there analyzed is favored on the
basis of textural relations and its lower Al-content.

Figure 13. Photomicrographs of metagabbro, epidote amphibolite, and mafic, aquagene metatuff. All from Brassua Lake 15'
quadrangle. (a), {b), and (c) Laths of strong ly clouded primary igneous plagioclase (mottled) set amid radiating splays of Fe-rich,
edenitic to pargasitic hornblende. Albite and sodic oligoclase (clear white areas) form partial mantles on clouded plagioclase. The
sodic-calcic amphibole splays are bordered by Fe-rich actinolite at their contacts with sodic plagioclase. (d) Ferri-edenite (gray
bands; cf. Table 4, anal. 6) within subcalcic augite (white; augite anal. 1) oriented - 90° to trace of clinopyroxene c-axis. Based on
textural relationships, the subcalcic augite is assumed to be relict igneous, but see text discuss ion. Anhedral black grains in (c) and
(d) are ilmenite with submicroscopic sphene and rutile inclusions. (a) through (d) from "Gabbro Point" (Fig.4, location #3), northwest
cove of Indian Pond. (e) Epidote-amphibolite, "China Island", northwest cove of Indian Pond (Fig. 4, location #2). Epidote is zoned
from pistacite-rich cores to Al-richer rims. Many cores of crystals are clouded by inclusions of fine-grained sphene (e.g., upper left
and lower right). Lower right half of photo shows actinolite-rich matrix; upper left is chlorite-rich (black to dark gray). (f) Epidoteand pumpellyite-rich, relict pyroclasts in chlorite-rich matrix showing lenses and layers typical of aquagene tuff. Round Pond block
(Fig. 4). (g) Fine-grained greenschist composed of chlorite, talc, ankeritic carbonate, and pyrite, northwest cove, Indian Pond.
Protolith was probably aquagene, mafic tuff.

69

G. M. Boone and others

A visually estimated, ca. 1.5 volume percentage of ilmenite 2
together with the moderate Ti-contents of analyzed amphiboles
(Table 4), suggest a relatively low Ti-content of the parent
gabbroic rocks.
Common textural relationships (Fig. l 3a,d) suggest that an
early stage of amphibolitization resulted in the partial replacement by brown hornblende (Table 4, amphibole analysis no. 6)
of orthopyroxene lamellae in clinopyroxene hosts (augite
analysis no. 1). Destruction of calcic igneous plagioclase
resulted in an almost opaque clouding by very fine-grained
sphene and epidote. Granoblastic zoisite crystallized as intergranular mosaics around the primary plagioclase relicts. Sadie
plagioclase, determined by microprobe analyses (Table 4) and
by extinction-angle measurements as ranging from nearly pure,
clear albite to variously clouded calcic oligoclase, appears as
epitaxial, partial rims on the extremely clouded parental pseudomorphs. Clear albite and ferroactinolitic to ferro-winchite-bearing, aluminous actinolites appear to be in stable textural
equilibrium (Fig. 13b,c). These textural aspects indicate a static,
hydrothermal retrograde event, spurred by brittle deformation
that allowed ingress of HzO-rich fluids.
Hornblendes intermediate in composition between ferroactinolite, pargasite, tschermakite, and winchite, all of varied Na,
Al, and Fe contents (Table 3, amphibole analyses 6- I 3) appear
to signify a post-magmatic-emplacement, polythermal event that
was characterized by a continuum of decreasing temperature.
Brittle, non-penetrative formation of intersecting shears and
localized foliation may have been coeval. Actinolites of lower
Na and IVAl form rims upon, and radiating splays between, those
with higher percentages of these elements (textures illustrated in
Fig. 13). Gradational zoning toward actinolitic rims, lack of
exsolution structure, and lack of bimodal clustering of compositions in Mg -(Fe2 +, Mn) - IV Al (Oba and Yagi, 1987) and in (ANa
+ K) - IVAl and Ca - Na (Ernst, 1979) are compatible with the
interpretation ofpolythermal retrograde metamorphism. Zoisite
and albite fill microscopic shears with poorly defined margins.
These textural and mineral compositional relationships in
metagabbro of intrusive origin reflect retrograde metamorphism
of the primary igneous assemblage. This is viewed as promoted
by initial shrinkage due to subsolidus cooling which produced
fractures on a meso- and micro-scale, thereby allowing penetration of (connate, oceanic?) HzO-rich fluid. In its essentials, this
is the prevailing theme inferred by Ito and Anderson (1983) for
the amphibolitization of gabbro in the mid-Cayman Rise. Mafic
magmatism within an evolving accretionary complex, however,
such as is believed to be the history recorded at "Gabbro Point"
(locality 3, Fig. 4) is just as viable, and could yield similar
textures, structures, and mineral assemblages.
2

Microprobe analyses of ilmeni1e in me1agabbro and ac1inoli1ic greenschis1 blocks gave
unsatisfactory lotals between IOI and 103 wt. %. Excess Ca and 'Ti over stoichiometric
ilmenite indicates --0.5% sphene and -4.3% rutile (mole%) admixed with hos! ilmeni1e in
metagabbro. The ilmeni1e solid solution in the "China Island" greenschis1 block (Fig. 4) is
a manganoilmenite wi1h -40% MnTi03 wi1h -1.5% sphene and --0.7% rutile admixed.
These interpretations assume all Fe is ferrous.
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The later, profuse development of actinolitic hornblende
and chlorite-rich shears could have been produced in response
to renewed magmatism or tectonism along a transform fault, or
to the same sequence of events in a tectonically active fore-arc
environment. Compressive deformation and faulting of the
metagabbro during disruption of its initially intrusive structural
geometry within the tectonically evolving melange is not only
likely, but expectable (cf. Echeverria, 1980). At Indian Pond,
quartz-rich, protoclastic and mylonitic lenses and seams are
concentrated within the sheared contact zone between the
metagabbro and relict, biotite- (and andalusite ?) bearing
homfels in the Hurricane matrix. Metamorphic P(f inferences
are discussed below.
The metabasite blocks of low metamorphic rank in the
melange of the Indian Pond area are characterized by moderately
Fe-rich epidote, pumpellyite and sphene (Table 4), and very
fine-grained albite and weakly pleochroic actinolite. The zonal
pattern of epidote, first documented by Frost ( 1977) in the Round
Pond block, has since been noted as common to all the low-grade
metabasite clasts. The epidote zonation, from pistacitic cores to
clinozoisite-richer rims, may imply increasing temperature
during its formation (Liou et al., 1985), or greater nucleation
rates for Fe-richer compositions. The Round Pond block is of
interest because sodic-calcic amphibole close to winchite in
composition has the highest atomic ratio of Na/Na + Ca, and
calculated Na (M4), suggesting that these rocks may have experienced the highest metamorphic pressures of the sampled
metabasites. Sphene, albite, epidote, actinolite, and minor pumpellyite, rutile, and hematite form a common pumpellyite-actinolite facies assemblage in these blocks.
The metamorphic history of the exotic, meso-scale clasts
and megaclasts of amphibolite are discussed with reference to
the large blocks of amphibolite (near locality 1, Indian Pond area,
Fig. 4 ). Analytical data from two blocks near locality 1, grouped
together here as M-17, are used to interpret the metamorphic
textural evolution and mineral assemblages. Hornblende compositions in M-17 (Table 4, analyses 3, 4, and 5) are compositionally intermediate between aluminous actinolite ("common
hornblende"), pargasite, and winchite. They are unzoned and
relatively free of fine-grained alteration products along
cleavages and fractures. The fact that hornblende crystals are
not bent or fractured in hinge zones of folds, and that hornblende
and clouded plagioclase crystals enclose similarly folded
swarms, or trains, of sphene or rutile, indicates that folding
preceded final (annealing?) recrystallization. Small patches of
chlori tic alteration are found at contacts with al bite (Figure l 2e),
rather than against relict, clouded plagioclase. They appear at
random with regard to fold geometry. These textural and compositional relationships demonstrate a polymetamorphic,
retrograde thermal overprint on an original , pargasitic
hornblende - Ca-richer plagioclase assemblage. The sharp rimming of albite on clouded plagioclase, diffuse lenses of zoisite
that appear to have replaced the foliation, and albite-rich veins
that in tum have been folded, indicate that the overprinting was

Hurricane Mountain Formation melange
present sites in the melange, or whether this occurred following
emplacement and is therefore to be ascribed to late Penobscottian, Mp2 metamorphism.
The composition of the earlier, An-richer plagioclase is
Origin of Albite-Quartz Veins in M-17 Amphibolite.
estimated from extinction-angle measurements to be - An32.
Based on the more aluminous of the M-17 hornblende composiRecently, Sorensen and Barton (1987) described migmatites and
veins of albitic plagioclase-quartz-muscovite in amphibolite
tions, the conditions of earlier metamorphism of the M-17
blocks within the Catalina Schist subduction complex, Califormegaclast were probably within a low pressure, garnet-andesine
nia, and ascribed their origin to crystallization from a melt at
zone (Fig. 14; see also Laird and Albee, 198 lb; Laird et al.,
moderately shallow levels within a subduction zone. The com1984). From this, the speculation can be made that the porposition of the migmatites and their relationships to enclosing phyroclastic garnet, analyzed in the semipelitic matrix, may have
blocks within the schist are similar to the M-17 amphibolites of been derived from the breakup of initially similarly metamorthe Hurricane Mountain Formation in the area west of Indian
phosed rock.
Pond. The M-17 amphiboles are similar in some respects to
If zoisite were initially absent from the high-grade assemblage, as seems likely from textural relationships, the presthose in the Catalina blocks, but the M-17 mineral assemblages
differ in the following: (a) lack of fresh plagioclase more calcic
sure of amphibolite metamorphism probably began at not more
than An6, (b) absence of garnet and discrete grains of white mica
than I to 1.5 kb, based on the Pfluid-T petrogenetic grid of Liou
(but not epidote), (c) macroscopic, but not microscopic structural et al. ( 1985). The temperature range of formation of the pargasitic hornblende assemblage was probably in the 450° to
conformity of the M- 17 veins to the pronounced foliation of the
host amphibolite, and probably most importantly, (d) the sparse 500°C range. The succeeding, higher pressure metamorphism,
content of quartz. Estimated modes of quartz in outcrop exhowever, probably occurred at lower temperatures. This is sugamples and in thin section range from about 2 to 30%. The gested by the prevalence of rutile, sphene, and hematite (as
opposed to ilmenite and magnetite) in the melange matrix,
textures are lepidoblastic rather than igneous, and there is no hint
of a pre-amphibolite facies igneous fabric.
indicating a low-temperature metamorphism (Mielke and
Ellis and Thompson ( 1986), in their analysis of the partial
Schreyer, 1972) at highf02.
The varied metamorphic mineral assemblages of the
melting of amphibolites, predicted that the liquid field would be
metabasite clasts, indicating a range of metamorphic grade from
expanded to lower temperatures by the addition of Na to amprehnite-pumpellyite(?) to pumpellyite-actinolite, to greenschist
phibole-liquid phase relations in CMASH, bringing the solidus
and amphibolite facies, do not find counterparts in the consiscloser to that of Ab - Qtz - H20. This would bring temperatures
tently low grade, white mica-chlorite-bearing assemblage of
of initial partial melting into the 700°C range (Johannes, 1985),
regional extent in the melange matrix. The structural disharbut probably not without a pyroxene solidus phase at pressures
mony that the polydeformed metabasite clasts exhibit against the
less than 8 to 10 kilobars (Ellis and Thompson, 1986).
regionally northeast-striking fabric of the enclosing melange
There is no pyroxene, relict igneous or metamorphic, in the
suggests that the blocks were metamorphosed and deformed to
analyzed M-17 amphibolites, and mineral assemblages indicatheir present states before becoming incorporated in the matrix.
tive of high pressure and high temperature are lacking here and
elsewhere throughout the melange. The veins in M-17 amBoth they, as well as the metagabbro of intrusive origin at Indian
phibolite, furthermore, appear to be compositionally quite disPond, are polymetamorphic. The common occurrence of
anomalously pleochroic, blue and brown chlorites in the matrix,
similar to mid-ocean ridge plagiogranites (cf. Spulber and
indicates that it also is polymetamorphic, as well as being
Rutherford, 1983, for a compilation). On the basis of the
polydeformed. The sequence of change in chlorite composition,
similarity, however, of al bite composition in the veins and locally
within the amphibolite host (as detailed in a previous paragraph)
however, cannot be discerned. Much of the metamorphism of
the albite, and probably zoisite, in both of these structural
the melange matrix, like much of its polydeformation, probably
relationships is probably part of the same stable mineral aspostdates the high temperature phases of metamorphism
recorded in the clasts, as judged from the contrasts in structure
semblage.
Significance of Changes of Plagioclase An-Content in and fabric previously discussed. Although the relict, sheared,
Amphibolite. The compositional and textural relationships sum- contact aureole in melange matrix against metagabbro dates
from the time of intrusion, it is unclear as to whether the matrix
marized in the preceding paragraphs suggest that the earlier,
was previously metamorphosed to the approximate grade which
Ca-richer plagioclase-homblende assemblage was incompletely
recrystallized at higher pressure, and possibly lower temperait now exhibits, even though its sheared fabric was apparently
ture. Maximum fluid pressure was probably not greater than 4
healed and overprinted by the contact metamorphic event.
kb, if the fluid was predominantly H20 (Maruyama et al., 1986).
Acadian metamorphism of the Hurricane Mountain FormaIt is not clear from textural and structural relations within and
tion, if present, is difficult to detect, much less, to prove. Low40
9
surrounding the M-17 clasts, whether the higher pressure
temperature portions of thermal release steps in Ar;3 Ar
metamorphism predated the emplacement of the clasts at their spectra of amphibolite and metagabbro, discussed in the follownot simply due to polythermal recrystallization during a single
cooling event. The final, perhaps stable, assemblage in the M-17
amphibolites would therefore seem to be: hornblende+ Mg-rich
chlorite + albite + zoisite (+minor epidote) + sphene +hematite.
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Figure 14. Compositions of calcic and sodic-calcic arnphiboles in metabasite megaclasts and intrusive metagabbro of the Indian
Pond area, Brassua Lake 15' quadrangle, plotted with reference to low-, medium-, and high-pressure paths of metamorphism (in (a),
boundaries adapted from Laird and Albee, 198 lb; in (b) from Laird et al., 1984). (a) Atomic proportions in percent; (b) formula
proportions, dependent on normalization procedure (cf. Table 4). Gamet and oligoclase isograds refer, respectively, to arnphibole
compositions correlated with the garnet isograd in interlayered metapelites and metabasites, and with coexisting albite (above the
band) and with An-contents ~ 10 (below) in Vermont (Laird and Albee, 1981 b; Laird et al. , 1984). Circles: hornblendes in M-17
megaclast; triangles: edenitic winchite, Round Pond; black rectangles: sodic-calcic amphiboles, intrusive metagabbro ("Gabbro
Point"; all localities shown in Fig. 4); crosses: very fine-grained edenitic ferroactinolite in Upper Ordovician contact metamorphosed
Lobster Mountain volcanic rocks (Helsel and Boone, 1987) added for comparison.

ing section, may signify an Acadian overprint, at least for the
metagabbro spectrum.
A possible explanation for the lack of a distinct Acadian
metamorphic overprint in the melange may be drawn from
metamorphic characteristics observed in rocks of the Kennebec
Formation and Lobster Mountain Volcanic Complex overlying
the Hurricane Mountain Formation, for these do not show any
evidence of polymetamorphism. Metabasalts of the Lobster
Mountain Volcanic Complex show a lowest greenschist facies
overprint on their volcanic textures and fabrics (Helsel and
Boone, 1987). Volcanic mineralogies and textures are widely
preserved in basaltic, andesitic, and rhyodacitic flows of this
formation. Pelitic beds within the Lobster Mountain volcaniclcastic succession developed porphyroblastic cordierite
where contact metamorphosed close to feeder dikes of the Middle to Late Ordovician volcanic succession. The cordierite is
now largely pinitized and occurs as ellipsoidal spots flattened in
the plane of a single slaty cleavage. The pinite pseudomorphs
and the cleavage are interpreted to be of Acadian age. A regional
Acadian metamorphism of chlorite - white mica grade would be
essentially indistinguishable from an earlier metamorphic event,
or events, associated with the formation and time of major
deformation of the melange.
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ISOTOPIC AGE OF AMPHIBOLITE MEGACLAST
AND METAGABBRO, INDIAN POND AREA
Description
The M- 17 megaclasts, and metagabbro of "Gabbro Point"
(Fig. 4) from which the dated samples come, are described in the
preceding section. The analyzed sample of amphibolite is somewhat coarser grained than is typical. The texture and mineralogy
of the metagabbro are typical of that exposed across the entire
point.

Analytical Techniques
A high purity (-99.5%) pargasitic hornblende in sample
M-17B was separated from clear and altered plagioclase, sphene,
and minor epidote and chlorite; the calcic amphiboles of the
metagabbro were separated to a similar degree of purity from a
similar mineral assemblage, but with the addition of minor
clinopyroxene, zoisite, and ilmenite. Standard heavy liquid and
magnetic techniques were used, and then the separated amphiboles were sized between 150 and 250 µm . The samples were
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irradiated at the University of Michigan Ford reactor in the H-5
position. Neutron flux was monitored using Fe-mica, which has
an age of 307.3 Ma. Correction factors for interfering reactions
of Ca and K were determined by irradiation of K2S04 and CaF2.
These salts revealed correction factors of: (36Ar/37 Ar)ca =
39
40
9
0.000222, ( Ar;37 Ar)ca = 0.000825, and ( Ar;3 Ar) = 0.033.
Argon extraction was carried out in a double-vacuum tantalum
furnace and temperature was monitored with a thermocouple
placed within 2 mm of the sample. The system blank was 2 x
10- 14 moles of 40Ar at temperatures below l 300°C. Isotopic
abundances of argon were measured on a Nuclide 4.5 - 60 RSS
mass spectrometer. Age calculations and uncertainty estimates
(± I cr) follow procedures described by Dalrymple et al. ( 1981).

The ages and structural settings of the samples were first
reported on by Boone and Heizler ( 1988). The 40Ar;39Ar release
spectrum for the M-l 7B pargasitic hornblende is shown in
Figure I Sa, that for the am phi boles of the metagabbro, in Figures
15b and 15c; the data are compiled in Table 5. The relatively
large analytical uncertainties are due to the low K20 contents of
the samples (-0.2 and 0.15-0.50 wt. %, respectively; cf. Table
4).

The spectrum for the hornblende of the amphibolite exotic
40
block shows initial excess Ar followed by an age gradient
between - 20 to 65% of the total 39Ar released. A plateau
portion, defined by heating steps l l 80°C and 1210°C, comprises
39
approximately 35% of the total Ar released and has a calculated mean age of 539.8 ± 1.8 Ma. The apparent age gradient is
attributed to argon loss from a relatively non-retentive site or
phase, superimposed with a phase which has not experienced
argon loss since 540 Ma. The multiple phases are evidenced by
varied K/Ca ratios (Fig. l 5a, lower graph). The first 30% of
argon released exhibits relatively high K/Ca ratios, followed by
a more homogeneous portion of the release steps showing values
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TABLE 5. K/Ar DATA FOR HORNBLENDE IN AMPHIBOLITE MEGACLAST, AND IN ACTINOLITIC AMPHIBOLE AND HORNBLENDE
METAGABBRO, HURRJCANE MOUNTAIN FORMATION MELANGE, INDJAN POND AREA, BRASSUA LAKE 15' QUADRANGLE
TEMP

4-0Ar/9Ar

37

Ar/9Ar

"c

36
Arf9Ar
(E-3)

39Ar
(E-13 mol)

%39Ar
released

40Ar*
%

149.7
139.9
50.57
30.46
40.44
33.27
74.21
53.61
45.50
32.35
28.41
2 1.24
53.55
29.35
19.95
19.74
28.76
41.94
221.3

0.318
0.460
0.491
0.791
0.771
0.45 1
0.374
0.461
0.459
0.508
0.511
0.277
0.155
0.423
2.22
1.14
0.119
0.075
0.112

3.15
7.69
12.5
20.4
28.0
32.4
36.I
40.7
45.2
50.2
55.3
58.0
59.6
63.7
85.7
97.0
98.2
98.9
100

50.2
56.7
78.8
83.2
78.0
83.6
67.0
76.8
81.3
87.8
89.9
92.9
78.8
89.8
94.4
94.4
87.4
80.5
45.7

44.94
54.59
56.85
45.33
41.86
44.93
42.75
47.73
51.08
53.94
54.64
56.45
51.64
56.36
58.20
58.52
55.02
53.38
56.26

429.2±7.9
509.4±6.9
527.7 ± 3.7
432.5 ± 1.5
402.9±2.5
429.2±3.1
410.5 ±4.0
452.8 ± 3.1
480.7 ± 3.3
504.2 ± 1.2
509.9 ±3.I
524.5 ± 16.0
485.3 ± 20.2
523.8±4.6
538.5 ±0.8
54 1.1 ± 1.9
512.9± 13.7
499.6 ± 10.3
522.9± 18.3

348.2
225.5
98.74
27.17
18.76
25.99
12.24
72.23
30.40
50.46
16.61
30.36
51.79
57.24
74.16

0.259
0.362
0.818
2.22
1.10
0.634
0.997
0.239
0.461
0.248
0.642
0.2 12
0.094
0.110
0.254

3.00
7.18
16.6
42.3
55.0
62.4
73.9
76.6
82.0
84.8
92.3
94.7
95.8
97. I
100

30.5
39.7
64.3
88.7
91.8
87.6
94.4
68.8
84.l
75.3
92.1
82.2
68.2
68.3
65.5

46.02
44.63
50.39
51.79
51.28
51.14
50.82
50.02
48.89
48.59
49.48
46.53
42.18
44.00
43.71

443.3 ± 12.5
431.3±9.8
480.2 ± 1.5
491.9 ± 1.0
487.6 ± 1.4
486.5 ±3.8
483.8 ± 1.0
477.1±7.8
467.6± 1.9
465.l ± 6.5
472.6 ± 2.1
447.6 ± 4.8
410. 1 ±8.6
425.9 ± 10.4
423.5 ± 3.8

40

Ar*f9 ArK

Age ±s.d.
Ma

MB- 17 B Amphibole (J = 0.005977; wt= 0.37598 g)
650
730
800
850
900
930
950
980
I 000
1020
1040
1060
1100
1130
1180
1210
1240
1280
1450

88.36
95.80
71.56
54.16
53. 11
52. 12
61.73
59.87
60.39
58.89
58.21
57.90
62.98
59.87
59.46
59.78
59.23
61.50
117.4

8.200
1.376
2.38 1
1.968
7.342
26.09
29.48
35.57
38.65
42.21
43.95
43.31
41.70
46.39
41.03
40.49
38.92
39.3 1
38. 19

MB-G-1 Hornblende (J = 0.006052; wt= 0.37500 g)
750
820
870
920
940
950
970
990
1020
1060
I 120
1150
11 80
1220
1400

147.8
108.5
74.99
56.78
54.35
56.62
52.58
69.72
56.35
61.61
51.97
53.3 1
55.59
58.85
63.76

11.46
27.08
43.03
28.34
23.26
20.73
17.57
15.62
14.68
18.20
23.04
2 1.38
19.20
20.57
18.68

typical of the analyzed hornblende (Table 4). The high K/Ca
ratios may reflect K-rich domains such as rims of zoned crystals,
exsolution phases, or inclusions. Harrison and FitzGerald
( 1986) have suggested that low 40 Ar retentivity in a metamorphic amphibole exhibiting varied K/Ca ratios may be due to
exsolution structure within the host crystals.
The ambient, or regional metamorphic grade in the Indian
Pond area precludes the heating of the M-17 hornblende to
temperatures greater than 350-375°C since the time of its initial
cooling. These temperatures would be insufficient to cause
argon loss from a homogeneous hornblende phase (Harrison,
1981 ). The plateau portion therefore is thought to represent the
minimum age, i.e., cooling below - 500°C, of amphibolite facies
metamorphism of the body of rock from which the megaclast
was derived. The complex release spectrum of the first 20% of
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39

Ar released may result from K-rich inclusions or exsolution
phases with different argon retentivities.
The 540 Ma plateau age thus places a minimal value on the
maximum age of accumulation of the Hurricane Mountain Formation in this area. The numerical age corresponds approximately to a Middle Cambrian stratigraphic age (Snelling,
1985) if one assumes that the older of the permissible range of
ages of the Cambrian-Precambrian boundary (-530 - ~70 Ma)
is the more accurate (Cowie and Johnson, 1985).
The spectrum for the metagabbro amphiboles shows a
broader, but less definitive, "plateau" showing convex-upward
curvature between - 8 to 78% of the total 39 Ar released (Fig.
15b). The spectrum is thus characterized by younger apparent
ages for low- and high-temperature extractions, with older ages
being indicated for intermediate steps. The K/Ca ratios are

Hurricane Mountain Formation melange
variable over the entire spectrum. This variation is thought to
EPILOGUE
result from a mixture, in this rock, of calcic amphiboles of
different compositions (cf. previous descriptions and also Table
Initial restudy of the Grand Pitch Formation in the Lunksoos
4), and therefore, perhaps of somewhat differing ages. The
anticlinorium shows that melange is present there, and that
similarities to the Hurricane Mountain melange outweigh difcalculated age, regarded as preliminary, is 484±3.6 Ma, assuming an atmospheric component of trapped argon.
ferences. Tectono-stratigraphic correlation with the Hurricane
Figure I 5c shows a three-isotope plot for incremental heatis a distinct probability, because the melange is apparently ining steps 3-11 (870-l I 20°C) comprising 85% of the total argon
folded with formations resembling those in the Chesuncook
released, in which the regressed data are weighted in regard to
dome with which the Hurricane Mountain melange there is
the percentage of 39Ar released (York, 1969). Plots of the data
associated. It is also infolded with metavolcanic rocks resemform a linear array which, when projected to zero on the
bling the Jim Pond Formation, as is the Hurricane Mountain
36
Arf0Ar axis, yields an agparent age of 484.1 ± 3.55 Ma from Formation in the Lobster Mountain anticlinorium. There are
39
other strata within the Grand Pitch Formation, however, which
the inverse of the Arf Ar ratio on the x-axis. Similarly,
extrapolation on the y-axis shows that the initial trapped argon
do not resemble those associated with the Hurricane Mountain
40
6
composition, calculated as Ar/3 Ari = 294 ± 14, is essentially
Formation west-southwest of the Katahdin batholith, but which
may prove to be correlatives of strata in the Mirarnichi anequal to atmospheric, or 295.5. Thus the "plateau" age and the
three-isotope array effectively yield the same result. The
ticlinorium. We may anticipate, therefore, that the terrane
(Gander?) southeast of the suture zone may be identified in the
weighted sum of residuals, however, is greater than an acceptable value for an isochron (n-2) by a factor close to 4. The age
Lunksoos anticlinorium, based on lithologic comparisons, on the
of -485 Ma is interpreted to represent a minimum age for the
age assignment of the Oldhamia-bearing portions of the Grand
Pitch, and on the interpretation of the fore-arc geometry
argon c losure temperature of these amphiboles.
The 485 Ma age is roughly equatable to an Arenig
presented in this contribution and in Boone and Boudette ( l 989),
as set forth in the introduction.
stratigraphic age in the Lower Ordovician (Palmer, 1983; Ross
et al., 1982; McKerrow et al., 1985; Gale, 1985). Ross (1984),
however, would place this closer to the Llanvim/Arenig boundary. Thi s preliminary isotopic age is considered to place a
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APPENDIX I. P ETROGRAPHIC DESCRIPTION OF CARBONACEOUS, FELDSPATHIC QUARTZITE BL OCKS
IN HURRICANE MOUNTAIN FORMAT ION.

Quartz is preserved as well rounded, large grains in tabular ponions of the
rock (roughly parallel to bedding) that were unaffected by flattening and
cataclasis. Wavy, lens-like bands of domainal extinction a re prominent in some
grains. About 1.5% of the undeformed, large grains are coarsely rutilated,
reminiscent of pegmatitic quanz. Sparse grains show inclusions of stubby prisms
of rutile, zircon(?), and tourmaline. Stained thin sections reveal that the feldspar
is almost excl usively plagioclase. It, like the quanz grains, occurs in bimodal
size distribution: large clasts surrounded by distinctly finer grains in the matrix.
Sparse grains are well rounded, but most are angular and show ragged edges.
Extinction-angle measurements across albite twins indicate most grains in both
size distributions are in the oligoclase range of composition. Patchy areas within
large grains are replaced by albite. Many of the larger grains show a checkerboard domainal structure. At least half of the larger grains show a crudely zonal
clouding by nearly opaque rods and filaments, roughly 5 to 10 µm thick, and
aligned approximately 75° to the basal cleavage. Their abundance decreases
noticeably near the margins. The inclusions are deep brown or brownish red,

and are isotropic. In polished section, they are scarcely distinguishable from host
feldspar in reflected light. These characteristics resemble aluminous spine!
commonly seen as inclusions in plagioclase of anonhosites and mafic layered
intrusions (Whitney, 1972), and in which a zonal distribution is also common.
The gradation toward the rims commonly is concentric to the angular, often
highly irregular grain margins. Since there is no detectable zoning of plagioclase
composition toward the rims or apparent overgrowths of new plagioclase, a
selective replacement of inclusions, postdating the time of clast formation, is
suggested. A post-lithification, or metamorphic age of removal of these inclusions from grain margins is likely. Modal analysis gives the following:
Quartz .............................................................. .. 59 volume percent
Plagioclase ........................................................ 14
Carbonaceous material (graphite?) ................... I 8
Chlorite .............................................................. 8
White mica ........................................................ 0.5
Pyrite & pyrrhotite ............................................ 0.5

APPENDIX U. DESCRIPTION O F THE TYPE SECTION AND REFERENCE SECTION OF THE HURRICANE MOUNTAIN FORMAT ION
TYPE SECTION

Typical outcrops of the Hurricane Mountain Formation are found on the
upper slopes of Hurricane Mountain, located in the nonhem pan of the south
central ninth of the Pierce Pond, Maine, I 5' quadrangle (Fig. 1). The mountain,
approximate ly I 300 feet in relief, is elongated parallel to local strike and forms
the south valley wall of the Dead River in this pan of the quadrangle. It and
neighboring mountains owe their topography to erosionally more resistant
homfelses that formed by contact metamorphism of the Hurricane Mountain and
Dead River Formations around the nonhem margin o f the Pierce Pond gabbroic
intrusion, of Lower Devonian age (Boone, 1973; Lyttle, 1976; Boone and
Gaudette, in prep.).
The type section is bounded by outcrop belts of the overlying Dead River
Formation {Boone, 1973) on the southeast flank of the mountain and, to the
nonhwest, along the axis of the Dead River (Boone, 1985). The Hurricane
Mountain Formation here forms the core of an Fz anticline that trends ea5t-nonheast and is transected by three steeply dipping transverse faults. The southwest
boundary is defined by one of the transverse faults, located at the southwest end
of Hurric ane Mountain. The nonhea5t boundary is defined by the transverse fault
approximately 1.6 km (I mi) east-nonheast of the summit of Hurricane Mountain. The strike length of the type section is 3.3 km (2.05 mi). A narrow belt of
overlying Dead River Formation defines the trough zone of an adjacent syncline
to the nonhwcst, and the Hurricane Mountain/Dead River contact here, on the
nonhwest slope of Hurricane Mountain, is taken as the northwest boundary. The
width is thus approximately 2 km ( I to 1.3 mi). The Hurricane Mountain
Formation and other pre-Silurian units within this pan of the Lobster Mountain
anticlinorium were previously designated as unnamed, undivided units of probable Cambrian and Ordovician age (Hussey, 1967).
UNIT DESCRIPTION

In the area of the type section, the Hurricane Mountain Formation is
composed of metasiltstone and subordinate metapelite, as observed along the
upper part of the northwest slope, and close to the summit ridge of Hurricane
Mountain. Locally, light gray, thickly bedded quanzite interrupts the uniformity
of metasi ltstone and metapelite, as for example, in outcrops extending 15 to 20
m perpendicular to strike on the southwest end of the summit ridge (Boone,
I 985). The quanzite here and in other localities occurs as exotic clasts within
the matrix of metasiltstone. Elsewhere in this area, clasts are either too small to
be shown at conventional map scales, or are absent.
The Hurricane Mountain Formation is distinguishable from other
arenaceous and pelitic format ions on the basis of microstructure and diamictic
tectono-stratigraphic zones. Its predominant lithology consists typically of

interlamination of metasiltstone and subordinate slate and phyllite, variously
sulfidic to non-sulfidic, and of varied, but generally low, graphitic content. The
laminations, with subordinate thicker layers and lenses, display flaser-like pseudobedding produced by closely spaced, pervasive shear-surfaces which truncate
depositional layering at shallow angles. In most outcrops, the unit is also marked
by thoroughly penetrative, anastomosing, hackly fracture cleavage surfaces.
Small (millimeter- to centimeter-length) lenses and phacoidal c lasts of felsic,
fine-grained metatuff are volumetrically subordinate, but are observed in most
outcrops and arc regionally of widespread occurrence. Larger lenses and layers
of metatuff are extremely sparse. Combination of these features produces a
lenticular appearance in which the pseudobedding generally cannot be traced
with continuity for more than a meter or two. Layering is made visible by color
variegation ranging from light to dark shades of gray, brown, and green, in which
small-scale, light buff to white felsic lenses are interspersed. Weathering
produces a varied degree of limonitic staining. These lithologies, in varied
proponions, also form the matrix of olistostromal and tectonic clast-bearing pans
of the formation.
Sparse zones of thick lenses and beds of light gray weathering, pale
greenish gray quartzose wacke are encountered generally toward the structura lly
lower part of the formation. Commonly, this rock type is preserved as olistoliths
and tectonic clasts. Clasts form an imponant aspect of the formation and are
described in the main body of the text in funher detail than previously (Boone
and Boudette, I 989). They are not, however, prominent on Hurricane Mountain
other than the quanzite cited in the previous paragraph.
The name and the type area were selected informally1 during the early
stages of mapping in the Lobster Mountain anticlinorium. Although clasts had
been observed early in the mapping of the unit, the name became fixed in regional
parlance before funher mapping to the nonh, and also to the northeast in the
Brassua Lake quadrangle, revealed spectacular occurrences of map-scale clasts
of varied lithology in the formation (cf. foregoing text; also Frost and Boone,
1978; Boone, 1983). The "lithologic constant" of the formation is its matrix,
however, and therefore the type area, and the name, are retained as being
stratigraphically suitable.
INDIAN POND REFERENCE SECTION

A variety of metasedimentary and metaigneous (metabasite) clasts, many
that are mappable at inch to the mile scale (Fig. 4), crop out on islands in the
northwest cove of Indian Pond and in surrounding forested lowlands in a radius
'Name placed on file with Geologic Names Committee, U.S. Geological Survey, in 197 l.
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of 3 to 4 km to the west and north, in the Brassua Lake 15' quadrangle. The
formation here is also host to sills and dikes of metadolerite and metagabbro.
Clast dimensions range in length from 1.4 km (0.75 mi) to those that are
mesoscopic and microscopic. Locations and lithologies of the larger, mapped
clasts are detailed in Figure 4, and are described at length in the foregoing text.

THICKNESS
The Hurricane Mountain Formation is approximately 1200 m thick. This
is a minimum estimate, measured on nearly continuous exposures across a
demonstrably homoclinal section o n the SE limb of the same F2 anticline, 2 km
southwestward on Basin Mountain. This is a structural thickness because
depositional units may have been repeated by thrusting (duplexing) at various
scales and also because of the documentation in the foregoing text that layers
have undergone attenuation by extensional shear at shallow angles to layering
during the Penobscottian orogeny, with perhaps further tectonic thinning during
the Acadian. Despite foliation attitudes that are close to vertical, most map
widths are greater than this minimum thickness estimate owing to drag, or
parasitic folds related to the F2 (mainly Acadian) folds.
ln regard to regional thickness, the geometry of the formation probably was
never tabular. If the interpretation is correct that the formation was accreted
above a subduction zone, it may have been thinly wedge-shaped, by analogy with
the geometries of modem accretionary complexes. Its thickness may have
increased to the southeast in the direction of inferred polarity of s ubduction, but
this remains speculative because it is covered by younger formations in that
direction.

LOWER CONTACT
The structural relationship of the Hurricane Mountain Formation to the
underlying, less deformed, volcanogenic Jim Pond Formation of Cambrian age
is tectonic. In the type area, and probably throughout the Pierce Pond 15'
quadrangle, it is interpreted to be a thrust or reverse fault. In the southwest part
of the Lobster Mountain anticlinorium, in the Kennebago Lake quadrangle, the
contact zone is expressed by olistoliths of Jim Pond wacke, quartzite, and
volcanogenic rocks in a wackc matrix that becomes increasingly fine grained and
quartz-rich structurally upward into the Hurricane Mountain Formation (Boone
and Boudette, 1989). The base of the Hurricane Mountain Formation in the type
area, as well as throughout the Lobster Mountain anticlinorium, is defined by
matrix that is predominantly metasiltstone, commonly rusty, owing to disseminated pyrite and pyrrhotite. In the Spencer Lake quadrangle, and elsewhere
northeastward along strike, a sharp structural discontinuity separates the Hurricane Mountain Formation from fe lsic volcanics, or from graded beds of wacke
and volcanogenic, bedded pseudochert and lenses of ferromanganese oxide of
the upper part (estimated to be the upper one-third) of the Jim Pond Formation
(Serra, 1973). In the Pierce Pond quadrangle, the Hurricane Mountain Formation
is in tectonic contact with the underlying Jim Pond Formation, based on extreme
contrast in penetrative deformation which is best observed along the east valley
wall of Enchanted Stream in the central ninth of the Pierce Pond quadrangle (Fig.
1), about 2 km ( 1.3 mi) upstream from the confluence with the Dead River
(Boone, 1985).
At Enchanted Stream, volcanogenic wacke, mafic metatuff, and slate are
exposed on the southeast limb of an asymmetrical, upright anticline, in which
minor folds are moderately tight and inclined, and show an early S 1 axial planar
cleavage. These exposures are separated from the structurally lowennost exposures of highly sheared Hurricane Mountain Formation to the southeast by a
5 m wide zone lacking bedrock exposure.
The age of the presumed fault-juxtaposition here is unknown. ll is inferred
to have occurred early in the tectonic history of the two units, as discussed in the
main body of the paper, reflecting the same event which (I) triggered the
olistostromal deposition of Jim Pond Formation debris into the Hurricane Mountain Formation, as noted previously, and (2) caused the deposition of thick,
massive quartzwacke deposits structura lly below demonstrable Hurricane matrix
in The Forks and southwestern part of the Brassua Lake quadrangles. These
observations collectively suggest that the initial fault motion which was respon-
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sible for the juxtaposition of the two formations was normal a nd created a
submarine scarp along which Jim Pond material was fragmented and then
transported into proto-Hurricane fi ne-grained sediment. Thi s implies localized
extension or transtension near the upper surface of the growing accretionary
prism. The relations described in the contact zone on Enchanted Stream suggest
juxtaposition by thrusting, possibly utilizing the same fault surface or zone.
Pollock (1985, 1989) and Hall (1970, and pers. commun., 1984) also have
mapped fault contacts between volcanics and melange, which are considered to
be correlative with the Jim Pond and Hurricane Mountain Formations, in the
Caucomgomoc inlier and Munsungun anticlinorium, respectively.

UPPER CONTACT
Regionally, all three pre-Middle Ordovician formations, the Jim Pond, the
Hurricane Mountain, and the Dead River, are unconformably overlain by the
Kennebec Formation and the Lobster Mountain Volcanic Complex, the ages of
which range from Middle to Upper Ordovician. At most localities where the
Hurricane Mountain Formation can be seen in contact with the direc tly overlying
Dead River Formation, the contact is disconformable or mildly unconformable,
as shown by abrupt change in composition, color, and microstructure. At a few
localities in the Pierce Pond and Spencer Lake quadrangles, this contact is
apparently gradational, as viewed in stream and woods exposures of small lateral
extent. The gradation is expressed by loss of the flaser structure of pseudobedding, loss of the predominantly silty protolith, increase of parallel bedding, with
or without grading, and increase in green wacke and slate, upward into the Dead
Rive r Formation. The localities are as follows: in road-side exposures along a
lumbering access road on the hill s lope south of Poplar Hill Falls, near the east
edge of the Pierce Pond quadrangle; on Enchanted Stream, approximately 1.3
km (0.8 mi) north of its confluence with the Dead River (and about 0.8 km, or
0.5 mi, south of the lower contact described in the previous section; see Boone,
1985); and on Otter Pond Mountain and Black Nubble in the southeast ninth of
the quadrangle (Lyttle, 1976). At each of these localities, the gradation spans a
thickness of approximately a meter, just beneath the well bedded volcanogenic
flysch of the overlying Dead River Formation of Late Cambrian to Early
Ordovician age (Boone, 1973). Serra ( 1973) described the contact as gradational
by means of interbedded alternation of lithologies across a thickness two orders
of magnitude greater than bedding thickness in exposures that are - 13 km (8 mi)
west of the type area, in the Spencer Lake 15' quadrangle. An alternative
explanation is that this may be an expression of structural repe tition across tight,
minor folds in the contact zone. The upper contact is not well exposed on
Hurricane Mountain.

AGE
The age of the Hurricane Mountain Formation pro bably ranges from
Middle Cambrian to Early Ordovician (Tremodocian?). Depositional age estimates of the metasiltstone/metapelitc 'matrix' are based upon meager paleontological evidence. The age of exotic blocks of metabasites is based upon
preliminary isotopic dating. Structural re lationships with formations which
bound its lower and upper contacts are interpreted to bracket the age of the
melange-forming events. Fossils collected by Harwood (1973) in the Cupsuptic
quadrangle were described by Robert M. Finks, Jr. as Protospo11gia sp. or
Diago11iella sp. These sponges are elsewhere associated with brachiopod faunas
ranging in age from Middle Cambrian to Early Ordovician (Robert M. Finks, Jr.,
pers. commun., 1986). Inasmuch as exotic blocks of Jim Pond Formation are
incorporated within the basal Hurricane, the Hurricane Mo untain Formation
matrix must, for the most part, be syndepositional with, or postdate the Jim Pond
Formation. Evidence of the Cambrian age of the Jim Pond Formation is
summarized at length elsewhere (Boone and Boudette, 1989). Recent reassessment (J. N. Aleinikoff. pers. commun., in Boone and Boudctte, 1989) of zircon
U-Pb isotopic data (Aleinikoff and Moench, 1985) suggests that fe lsic volcanic
rocks of the upper part of the Jim Pond Formation yield apparent ages of 520 542 Ma. The lower part of the Hurricane Mountain Formation is interpreted to
be about the same age. A similar apparent age, 540 Ma, has been determined for
an exotic megaclast of high-rank amphibolite in the Hurricane Mountain Forma-
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tion in the Brassua Lake quadrangle (cf. foregoing text). Metagabbro intrusives
into the Hurricane Mountain Formation in the smne area, yielded an apparent age
of -485 Ma (Tremadoc to early Arenig). The isotopic ages and their implications
are discussed in detail in the main body of this paper.
Locally, in the Brassua Lake quadrangle, the Hurricane Mountain Formation is unconformably overlain by openly folded felsic volcanic rocks of the
Kennebec Formation of early to middle, Middle Ordovician age (Boucot and
Heath, 1969), (Llandeilo to earliest Caradoc age; cf. discussion in main body of
text). Feeder dikes of the Kennebec volcanic rocks intrude the Hurricane
Mountain Formation in that area. Structural details across contacts of Kennebec
Formation feeder dikes with the polydeformed Hurricane Mountain Formation
are discussed under the heading Tectonic History in the main body of this paper.
In the Chesuncook dome, the Jim Pond Formation is not exposed, but the
Hurricane Mountain, the Dead River, and overlying pre-Silurian (probably
pre-Middle Ordovician) formations are intruded by the Bean Brook gabbro, for
which Faul et al. ( 1963) reported a K/Ar apparent age of 464 Ma. Satellitic sills
and dikes of the Bean Brook gabbro also truncate polydeformational structures
within the host stratigraphic units.

REGIONAL EXTENT
The unit has been traced from the vicinity of the Maine - New Hampshire
border (Osberg et al., 1985; Boudette et al., in press) to the pre-Silurian core rocks
of the Chesuncook dome, approximately 100 mi (- 160 km) to the northeast.
Possible correlatives include the undated Hurd Mountain and Avery Brook
Formations of inferred Cambrian or Ordovician age (Pollock, 1985), in the
Caucomgomoc inlier, melange of the Chase Brook Formation (Hall, 1970) of
Arenig age (J.E. Repetski, in Neuman, 1984) in the Munsungun anticlinorium,
unnamed melange unconformably underlying the Shin Brook Formation of Midto Late Arenig age (Neuman, 1984) in the Lunksoos2 anticlinorium, and the
Devereaux Formation of the Fournier Group, Elmtree inlier, northeastern New
Brunswick (Fyffe and Noble , 1985). If the melanges of the Hurricane Mountain
and Chase Brook Formations are (or were) physically part of the same accretionary complex, at least some degree of diachroneity, or duration of accretionary
processes, would be established .
2Name shorte ned in Boone and Boude11e (1989).

APPENDIX Ill. COMMENTS ON LITHOLOGY OF CORE SAMPLES.

58 - 85 • 2 Drill Core
ft
17

36
to
62

80

Thinly layered to laminated, pyri te-bearing, gray metasiltstone, minor
pyrite-carbonate rock, and dark gray phyllite, showing well developed
flaser structure, layer-parallel cleavage. and phacoidal microclasts of
graphitic metasiltstone. Layering (S1 and S2) open to tightly folded by
SJa, with a transposed shallowly dipping. axial surface cleavage. Tight,
isoclinal, early (F1 ?) microfolds are complexly refolded and sheared.

201

lnterlaminated gray, hackly cleaved, phy llit ic metasiItstone and dark gray
phyllite, showing fl aser structure and polymict, meso- and microphacoids
of depositional and tectonic clasts of fine-grained metasiltstone, black
slate, and carbonate bearing metasiltstone. Laminations within the clasts
and matrix show same generation (F2 or FJ) of cre nulation microfolds
(Fig. 6d).

Dark gra y, phyll i t ic matrix- s uppo rted. polym ict ic gran ul e
metaconglomerate (debris flow?), showing rounded and flattened cla~ t s
of light to dark gray metasiltstone, graphite-rich phyllite, phyll itic
granule-conglomerate, and sheared, relict microporphyritic metavolcanic (?)rock, a ll clasts ranging from fractions of a mm to 3 cm in length
(Fig. 5e). Bedding laminations, S 1 foliation, and wispy pyritic lenses
show convolute, open folds. Some of the lenses comprising the flaserstruct ure in the matrix show truncated tight to isoclinal rnicrofolds.

234

Strongly sheared phyllite and black slate showing small-scale flasershaped lami nations. Rounded, disk-shaped lenses of polygranular, subhedral pyrite + quartz, some mantled by polygranu lar, fi ne-grained
carbonate rims (Fig. 3a). Quartz of the lenses commonly shows beard
structure at high angles to lens surfaces.

237

Hackly cleaved. pyritic phyllite showing small-scale flaser structure.
Lenses and folded , c ross-cutting veins of pyrite, carbonate, and chlorite.

295

Cf. description of 201' core sample.

3 18

Cf. description of 12 1' core sample, but without isoclines. Grades into
thin to medium, graded bedded, gray, quartz-rich phyllitc and black
phyllite (Fig. 2c). Flaser-shaped laminations within gray to black phyllite.

32 1

Strongly shear-folded. thin- to medium-bedded, light gray metasiltstone
and dark gray phyllite. Transposed S 1 forms axial planar "slip" cleavage
(S2).

344
&
380

Light and dark gray metasiltstone, black phyll ite, and fine -grained pyrite
lenses, all collectively showing smal l-scale flaser ("tiger
stripe") structure. Rounded, flattened disk-shaped c lasts of
metasiltstonc and metatuff localized in thin structural zones (Fig. 2f).

Light and dark gray metasiltstone, black phyll itc, and fine-grained pyrite
- quartz lenses, collectively showing small-scale flaser ("tiger stripe")
microstructure.

85

Thinl y bedded to laminated, graphite -free and graphitic phyllite.
Microboudinaged, prehnite-chlorite-quartz veins. Sheared isoclines
within flaser-shaped microlithons.

94

Strongly crenulated dark gray phj llite with interlayered, ptygmatically
folded , cherty laminite.

105

Strongly sheared, phacoidally cleaved phyllite. Deformed quartz veins
cutting quasi-brittly folded, quartz-pumpellyite veins.

121

Isoclinaily shear-folded, light to dark gray, slate and metasiltstone. Ptygmatically folded. quartz-fi lled extension fractures.

197

Cherty laminite and gray phyllite, showing openly folded foliation parallel to laminations. Extensional shears in cherty laminite.

38 1 & Cf. lithology of 318 · and 12 1' samples; in addition, relict graded. thin
4 18
to medium beds.
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WCS- l Drill Core
28

Gray slate; S1 modified by widely spaced fracture cleavage (S3?).

40

Black slate; S1 modified by widely spaced fracture cleavage (S3?).

56

Dark gray phyllite, S1 sheared at shallow angles by S2; in sharp contact
with quartzite containing web-like, anastomosing cataclastic shears.

68

Highly sheared, quartz-pyrite veined, tectonic breccia with tectonic
inclusion of metasiltstone and phyllite showing naser structure and
swirled, broken ("churned") microclasts of light gray metasiltstone.

82

Graphitic phyllite, S1 sheared at low angles to form naser-shaped lit hons,
and locally transposed along crenulation-limbs (both forming, in sum,
S2). Small-scale discordant igneous contact with meta - quartz porphyry
that shows a single, slightly wavy, rough cleavage (a feeder dike to
Kennebec Formation felsic metavolcanic rocks?) (Fig. 6f)

88

Graphitic black slate, St cut at shallow angles by S2 shear surfaces that
are lined by chlorite +graphite.

90

Brittle to quasi-brittle deformation of black and gray metasiltstone and
phyllite, showing well developed flaser structure. Small isoclines within
lenses show sheared out limbs. Quartz veins in cross-cutting veins show
highly strained fabrics and microbrecciation. Spaced cleavage (S2)
formed by localized transposition of S1 along low-angle shears.

125

Strongly sheared, sericite-chlorite-oxide-bearing, fine-grained andesitic
(?) metatuff, in ductile-fault contact with mylonitized, siliceous semipelite and sheared phyllite (beyond 2 cm from the contact, host rock is
similar to core sample 130').

130

143

208

2 16
to
230

Finely laminated, graphitic and non-graphitic sericitic phyllite interlayered with thicker laminae and lenses ofsericite phyllite (derived from
felsic ash ?). S2 shears transect an earlier fl aser structure (So+ S 1) in the
dark gray phyllite, which locally shows complex microfolds cut by an
axial planar, spaced transposition-cleavage parallel to the predominant
S2 shears. Well developed c and s fabric in thick lenses of sericite
phyllite.
Light and dark gray metasiltstone, black phyllite, and fine-grained pyrite
lenses, all collectively showing small-scale flaser ("tiger stripe") structure. Rounded, flattened disk-shaped metasiltstone elasts confined to -8
cm-thick structural horizon.

290

Polymict debris flow (cf. description of samples 5B - 36 to 42) in sheared
contact with quasi-brittly deformed, sedimentary breccia of light gray
micaceous metasiltstone and dark gray mudstone.

302

Swirled, complexly sheared and brecciated ("churned") microfolds and
small-scale !laser-shaped lenses of black phyllite and light gray to white
metasi ltstone.

323

Very similar to the two fault-bounded lithologies of core sample 272'.

326

Polymict, clast-supported breccia, with incipiently cleaved, very finegrained matrix. Clasts are angular to rounded, felsic to intermediate,
altered porphyritic volcanic rocks, metasandstone, and metasiltstone.
This rock is interpreted to have originated from release of over-pressured
volatiles, and may belong to a diatreme structure (of Ordovician [Kennebec or Lobster Mountain] or younger age). It is in sharply discordant
contact with sheared, laminated, dark gray metasiltstone that is assigned
to the Hurricane Mountain Formation.

337

Microfaulted and sheared, cherty laminite of Hurricane Mountain Formation, in contact with altered, unfoliated , carbonate-metasomatized,
coarse-grained, quartz-altered plagioclase rock that is probably of Late
Ordovician or younger age.

351

Black phyllite, brecciate and veined with quartz and pyrite, otherwise
similar to core sample 234'.

372

Gray to light gray, !laser-laminated and microfaulted phyllite and subordinated metasiltstone. Lenses of fine-grained pyrite arc mantled by
calcite. Web-like networks of very thin, cross-cutting, monomineralic
veins of quartz, calcite, and pyrite.

409

lnterlaminated, chlorite-rich. and sericite-rich phyllite showing very
small-scale !laser structure. Medium grained, Fe-rich chlorite-quartzpyrite segregations along some of the main shears. Lath-shaped porphyroclasts of relict volcanic plagioclase in shear-band marking contact
of Hurricane Mountain Formation with altered, medium-grained,
metagabbro sill that intersec ts 6.7 m (-22ft) of core. Metagabbro is of
probable Lobster Mountain Volcanic Complex affinity, based on textural
similarity of relict plagioclase and titanomagnetite, localized, incipient,
protoclastic deformation, and lack of foliation.

437
to
453

Thick !laser lenses of black, pyritic phyllite and pale gray to yellowish,
greenish-gray, carbonate-bearing, sericitic phyllite (mctatuff?). Smallscale !laser-lenses within the I to 2 c m-thick, host lenses. Core sample
437' is phyllonitized, relict homfels from within contact metamorphic
margin of metagabbro sill (cf. 409'), and contains abundant, flattened
ovoids of cordierite pseudomorphs.

480

Phacoidally and roughly cleaved, pale yellowish green, Fe-rich chloriteepidote-calcite-brookite-quartz phyllite. Main shear foliation and subsidiary shears outlined by Ti-oxide concentrations. Quartz grains in some
of the cross-cutting quartz-carbonate veins show pronounced high-strain
fabrics (very fine-grained mosaic (polygonal) texture, and coarsergrained, banded structure parallel to main shears in host phyllite.

Isoclinally shear-folded, light to dark gray, slate and metasiltstone. Ptygmatically folded, quartz-filled extension fracture s. Small-scale isoclines
are absent. Grades into thin to medium, graded bedded, gray, quartz-rich
phyllite and black phyllite. Flaser-shaped laminations within gray to
black phyllite.

Similar to description of208' core sample.

234

Strongly sheared black phyllite, with thin pyrite lens intersecting in S1
and S2 to form thickened c rest and troughs, giving the composite lenses
a barbed, wispy profile.

250

Strongly shear-folded, thin- to medium-bedded, light gray metasiltstone
and dark gray phyllite. Transposed S1 forms axial planar "slip" cleavage
(S2).

272

Roughly cleaved, metavolcanic rock. Anastomosing stilpnomelane folia
diverge around angular to sheared, titanomagnetite pseudomorphs, and
augen and lenses of fine-grained feldspar which is variously altered to
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very fine-grained micaceous and chloritic pseudomorphs (this sheared
metavolcanic rock is interpreted to be from a feeder dike to the Kennebec
or Lobster Mountain volcanic rocks). This rock is in sheared, mylonitic
contact with graphitic metasiltstone in which phyllitic cleavage is cut at
very shallow angles by S 1 main shears and, variably at steeper angles, by
spaced S2 subsidiary shears that merge sigmoidally into cleavage and S 1
shear surfaces. The metasiltstone and its structure is typical of, and is
. assigned to the Hurricane Mountain Formation.

Hurricane Mountain Formation melange
503
to
530

538

G ray to dark gray. finely laminated. sericite-rich, and quartz-sericite
phyllite showing phacoidal cleavage and flaser lenses and laminations.
Rare St fold-hooks preserved within lenses (Fig. 6a). Very fine-grained
cheny lenses show well developed. graphite-filled sigmoidal shearbands. Single and multiple fold-hooks of pyrite concentrated at intersections of shear-surfaces (Fig. 6b). This assemblage in sheared contact with
naser-laminated, Fe-chlorite-epidote-carbonate Ti -oxide phyllite containing epidote-rich pseudomorphs of block y plagioclase (relict,
plagioclase-phyric, mafic tuft).
Similar to core samples in the interval 503'to530', but in addition, shows
sheared lenses of tine-grained, scricite-rich. metatuff.

re lict, plagioclasc-phyric metabasalt and multiply cleaved and sheared,
q uartz-rich and quartz-poor phyllitc (Hurricane Mountain Formation
melange), s howing long dimensions and fo liations at random angles to a
single, rough cleavage of the volcaniclastic matrix .
729

Thick !laser lenses of light gray. sericite-rich phyllite and dark greenish
gray, thoroughly sheared, chlorite-brookite sericitic greenschist. Twocm-wide fault zone marked by microbrcccia and disharmonically folded
!laser lenses, within which chevron microfolds pass into a transposed
foliation along their axial surfaces, roughly parallel to the fau lt zone.

730

Thin naser laminae and lenses of sericitic phyllite, Ti-oxide-chloritesericite phyllite, and multiply cleaved, metadacitic(?) phyllite showing
equant, angular, quartz and plagioclase porphyroclasts. Varied concentrations of wispy plagioclase porphyroclasts. Varied concentrations
of wispy pyrite veins. and quartz-pyrite segregations. Pronounced c and
s fabric (S2) developed in thin structural zones; in others, lenses and
laminae are moderately to tightly isoclinally folded, with axial surfaces
(SJb?) oppositely inclined (and out of sequence?) to the trans posed
foliation in c-surfaces. Some flaser lenses s how black phyllite and gray
metasiltstone laminae tightly chevron-folded, forming a transposed foliation (SJa?) parallel to main shears that bound the lenses. Neighboring
structural zones show well preserved, extensional shears outlined by
graphite.

732
to
734

Disharmonic, openly folded, naser lenses and laminae of gray
metasiltstone and phyll ite. Concordant, centimeter-thick, quartzite lenses showing irregular, pinch-and-swell structure, and thin, tapering,
extensions that cross-cut surrounding flaser lenses. Metasi ltstone lenses
range from < I mm to 2 cm in thickness. Smaller lenses of metasiltstone
and phyllite are truncated by s hear surfaces that bound the thicker lenses
of metasiltstone. Wispy pyrite veins show thickened wedges at tapering
intersections of main and subsidiary shears.

541

Quartz-rich and quartz-poor phyllite, showing well developed, main and
subsidiary shears (S2), with St mainly at shallow angles to, and tangential
to s ubsidiary (thrust) shears. Phacoids of polygranular quartz arc larger
( 1-3 mm thick) in quartzose phyllite than in scricite-rich phyllite. Poorly
cleaved, plagioclase-phyric. meta-andesite with Ti-oxide-sphene pseudomorphs of relict, skeletal titanomagnetite (assigned to Lobster Mountain Volcanic Complex) in s trongly sheared contact with Hurricane
Mountain Formation melange.

544

Meta-andesite: - An20-richterite(?)-chlorite-sphenc-minor quartz, with
zoisite bands outlining foliation. Interpreted as a feeder dike of Late
Ordovician Lobster Mountain Volcanic Complex.

588

l nterbedded lig ht gray metasi lt stone and dark g ray ph y lli te.
Meta~i lts tone layers show pull-apart structure along medium- to lowangle extensional shears. Wispy relict flame structure and channelling.
Phyllitc and metasiltstone both show locally well developed !laser
laminations bounded by low-angle shears.

624

Similar to core sample 503 '.

637

Extensively sheared, sericite-rich, brookite-magnetite-bearing, felsic
metatuff in sheared contact with black, gray, and light gray metasilts tone
s howing openly folded flaser structure. Tightly chevron-folded locally.
Phacoidal cleavage locally well developed.

736

Polymict. tectonic. phacoidally shaped clasts ofmetasiltstone, larninated
quartzite (metachert?), and phyllitc, some s howing folds that predate
formation of the clasts (Fig. 6e). Clasts range in length from - 0.1 mm
to-5 cm.

656
to
678

Similar to core samples 480' and fel sic portions of 637'. The felsic
samples 637' and 656' are from the margins of a 5.5 m-wide dike that is
believed to be broadly contemporaneous with the Hurricane Mou'ltain
Formation accretionary structural events.

737

Similar to core sample 732 ' but with 3 cm-thick quanzite lens, broken
along moderately high-angle s hears into irregular, nested, phacoidal
clas ts.

703

Metas iltstone and phyllite s howing fine-scale laminations and St
cleavage cut by S2 mai n and subsidiary shears to form flaser lenses and
phacoidally s haped, tectonic clasts. Very thin, wispy pyrite lenses along
some of the shear surfaces.

76 1
to
764

Metat uff (assigned to Hurricane Mountain Formation) composed of
epidote-Ti-oxide-sericite-quartz. showing sheared, indi stinct, thick wavy
lenses.

773

Openly folded, n aser laminated, gray

704

Thin to medium graded beds of metasiltstone and slate showi ng poorly
developed S2 main and subsidiary shears. Amoeboid pyrite lenses on
cleavage and shear surfaces.

774
to
790

7 13

Sub-millimeter- to centimeter-thick !laser lenses of light and dark gray
metasi ltstonc and gray phyllite, form ing a typical "tiger-stripe" appearance. Spidery arrays of microscopic, cataclastic s hears in dark gray
mctasi ltstone.

Flaser lenses and laminae of gray metasiltstone and phyllite. showing
localized kink-bands and shear folds (Fig. 2d), the short limbs of which
are quartz-rich, and the long limbs. sericite-rich. Rounded, fl attened,
sericitic, quartz-bearing lenses (fclsic metavolcanic protolith?) are
preserved within less sheared lithons in which chevron (kink) folds are
absent.

800

Gray slate, and minor, interlaminated, light gray metasiltstone, showing
incipiently developed. naser laminations and lenses. Widely spaced,
high-angle, extensional shears.

726

Polymict, matrix-supported. tuffisite meta-brcccia (assigned to Lobster
Mountain Volcanic Complex) in mylonitic, s heared contact with tigerstriped metasiltstone and phyllite similar to core sample 713·. Breccia
consists of clasts of angular to rounded, I mm- to 3 cm-long clasts of

meta~iltstone

and phyll ite.
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ABSTRACT
The Depot Mountain Formation of northwestern Maine is part of a belt of Ordovician and Silurian rocks that
includes the Magog Group of the St. Victor synclinorium in the Eastern Townships of Quebec to the southwest and
the Caba no Formation and younger units in the Lake Temiscouata region of Quebec to the northeast. Fossil localities
within the Depot Mountain and regional correlations suggest an age span of early Late Ordovician (Caradocian) to
middle Llandoverian of the Silurian. The Depot Mountain Formation has been divided into two members. The
lower member is composed of medium- and thick-bedded feldspathic and lithic graywacke with interlayered dark
gray slate and siltstone. Felsic water-laid tuff and volcaniclastic sharpstone conglomerate form subunits that can
be mapped locally within the lower member. The abundance of volcanic detritus in the sandstone beds together
with the interlayered pyroclastic rocks suggest deposition contemporaneously with volcanism in the Ascot-WeedonWinterville-Munsungun arc during Taconian arc-continent collision. The upper member consists of interlayered
lithic graywacke, pebble conglomerate, dark gray or black slate, and siltstone. Sedimentary and metasedimentary
clasts are conspicuous in the sandstones and conglomerates of the member; volcanic clasts are low in abundance or
absent. Turbidite features are well displayed in some of the graywacke beds of the formation despite a welldeveloped foliation in the case of sandstone beds in the upper member. Stratigraphic continuity of the two members
is so far everywhere obscured by faults, but both members appear to share a single deformation with nearby
Siluro-Devonian rocks and are inferred to have been deposited in sequence. Precise correlation of the lower member
within the St. Victor synclinorium is not possible. It is lithologically similar to lower portions of the Magog Group
(Frontiere and Etchemin Formations), but appears temporally equivalent to the upper Magog (Beauceville and St.
Victor Formations). The upper member is a lithologic match for the Cabano Formation (Caradocian-Early
Llandoverian) and is similar to the St. Victor Formation of the Magog Group. Deposition of the lower member was
in a fore-arc basin above the St. Daniel melange and Baie Verte-Brompton line and contemporaneously with
volcanism of the "Ascot-to-Winterville" arc (to the southeast) during late phases of Taconian plate collision in the
Late Ordovician. Deposition of the upper member appears to have taken place in the same, or modified, basin with .
detritus supplied from largely metasedimentary terranes in the arc or from accreted Taconian uplands to the
northwest in the Notre Dame anticlinorium. Basin evolution was undoubtedly complex and the Depot Mountain
Formation is likely part of a complicated stratigraphic system.
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INTRODUCTION
Northwestern Maine lies along the northwestern margin of
the Connecticut Valley-Gaspe synclinorium where the thick
Devonian synclinorium sequence is in fault contact with rock
units of Cambro-Ordovician, Siluro-Ordovician, and Silurian
age. These pre-Devonian rocks record a depositional and tectonic history that spans ani:I succeeds the Taconian orogeny along
the Baie Verte - Brompton line. The Depot Mountain Formation,
of Ordovician and Early Silurian age, is a continuation into
Maine of the mostly flysch sequence (Magog Group) of the St.
Victor synclinorium in the Eastern Townships of Quebec. The
thick succession of graywacke, slate, and tuffaceous rocks of the
synclinorium have been interpreted as deposited in a back-arc
basin during the Taconian collision of a volcanic arc and the
ancestral North American continent by St-Julien and Hubert
( 1975). However, more recent Taconian reconstructions for
western New England by Stanley and Ratcliffe ( 1985), for
eastern New York by Bradley and Kusky ( 1986), and for eastern
Quebec by Cousineau and St-Julien (1985, 1986) suggest that
the synclinorial succession may have formed in a fore-arc basin
above an accretionary wedge. Either interpretation places the
Depot Mountain Formation in a belt of flysch that is related to
at least the late phases of suture development along the Baie
Verte-Brompton line.
The Depot Mountain Formation is particularly interesting
because it not only contains Late Ordovician (Caradocian) graptolites in what is now defined as its lower member, but in its
upper member shows lithologic similarities to the along-strike
Cabano Formation of Caradocian-to-Early Llandoverian age.
The Cabano Formation is the oldest unit in what has generally
been regarded as a post-Taconian basin along strike to the
northeast in the Lake Temiscouata region of Quebec. The Depot
Mountain and Cabano Formations, and the synclinorium sequence all share a single cleavage (regional S2) with the nearby
Devonian rocks of the Connecticut Valley-Gaspe synclinorium
(Cousineau, 1982; Roy, I 982a,b; Lesperance and Greiner, 1969)
and were therefore not intensely deformed until the Acadian
orogeny. Cousineau (pers. commun., 1987), however, suggests
that the Magog Group may have undergone a mild deformation
during the Taconian that produced open folds and thrust faults,
but no cleavage. Thus the transition from an arc-related basin,
contemporaneous in part with Taconian orogenesis, to a postorogenic basin appears to have taken place within the Depot
Mountain Formation without significant pre-Acadian deformation.

BACKGROUND
General Geology
The general geology of northwestern Maine is summarized
in the map of Figure I. The northeast-trending Rocky Mountain
fault, which separates the Devonian flysch in the Connecticut
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Valley-Gaspe synclinorium from the older rock units, is probably
a thrust fault that is coextensive with an unnamed fault in the
Lake Temiscouata region to the northeast (Lajoie et al., 1968;
David et al., 1985) and with the La Guadaloupe fault to the
southwest in the Eastern Townships of Quebec. Northwest of
the Rocky Mountain fault, the pre-Devonian formations form
two northeast-trending lithic belts that increase in age to the
northwest. Adjacent to the Rocky Mountain fault is a belt
consisting of Siluro-Ordovician flysch of the Depot Mountain
Formation overlain by limestone, basalt, and phyllite of the Late
Silurian Fivemile Brook Formation. At Rocky Mountain itself,
the fault places the Devonian against Silurian felsic volcanic
rocks of the Rocky Mountain quartz latite and eventually cuts
out both the Fivemile Brook Formation and the upper member
of Depot Mountain northeastward toward Riviere Bleue,
Quebec.
The Depot Mountain Formation is in contact along the Dead
Brook fault with a broad belt of polydeformed phyllite and
quartzite considered to be a continuation of the Saint Daniel
Formation from adjacent Quebec (Osberg et al., 1985). The
Saint Daniel Formation is a melange that lies in sharp contact
with a belt of deformed ophiolite and metasedimentary rocks of
the Caldwell and Rosaire groups along the Baie Verte-Brompton
line in southeastern Quebec and is overlain unconfonnably by,
or is in fault contact with, the thick Ordovician (LlandeilianCaradocian), and younger(?), flysch of the Magog Group in the
St. Victor synclinorium (St-Julien and Hubert, 1975; Slivitzky
and St-Julien, 1987). The melange of the Saint Daniel Formation
together with the underlying deformed ophiolite and the overlying flysch sequences are generally viewed as parts of an accretionary complex formed during the Taconian orogeny along the
early Paleozoic margin of North America during the span of Late
Cambrian through Late Ordovician (Caradocian). This accretionary complex therefore extends through northwestern Maine
and again into Quebec where it is largely covered by SiluroDevonian rocks in the Lake Temiscouata region.
The trace of the Baie Verte-Brompton line .into Maine is not
well established. Its location in Figure 1 is projected from the
southwest based on the trend of small ultramafic bodies in
southeastern Quebec described by Hebert and Laurent ( 1977),
Laurent (1975), and St-Julien and Hubert (1975). In Quebec the
Baie Verte-Brompton line lies just to the southeast of the
ophiolite masses and between them and the melange of the
Saint-Daniel Formation. As the line is traced northeastward
toward Maine, the ophiolite masses become smaller and Jess
continuous and have not been seen in Maine. As projected into
Maine, the line is within a wide domain of complexly deformed
"broken" formations whose northwestern limit is not established
and may not be sharply defined. In Quebec to the north and west
of Seven Islands, Beland ( 1957) mapped two groups (Fig. 1), the
Caldwel I Group at and near Seven Islands and the Rosa ire Group
farther northwest. Beland was uncertain concerning the relative

The Depot Mountain Formation

•

~

Rocky Mountain quartz latite (S r)

Unpatterned units are as follows:

Mt. Wissick Group (Sw); Rob itaille
Formation (Srb); Pointe aux Tremb les
Formation (Spt)

Seboomook Formation (Ds), Haley Mountain
Member {Dsh); Temiscouata Formation (DI) ;
Touladi Formation (Oto); Unnamed problematic
unit {Ou); Quebec Group undivided (COq);
Armagh Group (Ca)

Fivemile Brook Formation (Sf).
Greenstone members (Sfg)
Conglomerate of the Cabano Formation
(Sec); Sandstone and slate of the Cabano
Formation {Scs)
Depot Mountain Formation (OSdmu,
OSdml, OSdmt); Resurrection Formation
(OSr)
Rosa ire Group (Cr); Saint Dan iel
Formation (COsdg)
Caldwell Group (Cc); Saint Daniel
Formation {COsdr)
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Figure 1. Geologic map of northwestern Maine and adjacent Quebec and New Brunswick. Formation descriptions fo r units in Maine
are g iven in Figure 2. The map is both simplified and modifit:d from a I :62:500 map by Roy ( I 982a) for Maine and 1:63,360 maps
of the S te-Perpetue area (Beland, 1962) and the Squatec Sheet (Lesperance and Greiner, 1969) in Quebec.
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COsdg : Polydeformed and disrupted
gray phyllite with beds and bed !ragments of laminated/cross-laminated
metasiltstone and massive quartzite; outcrops and terranes of gray phyllite and
silty carbonate/calcareous siltstone.
COsdr: Disrupted gray, red, and green
slate and feldspathic sandstone; massive quartzite.

Figure 2. Composite stratigraphic section for northwestern Maine as
established by Boudette et al. ( 1976) and Roy (1982a).

ages of the two groups, but suggested that the small lenticular
terranes of one group within the other are stratigraphic lenses.
The rocks representing both groups are shown as the Saint Daniel
Formation in Maine as discussed below.
Northeastward into the Lake Temiscouata region, the Rocky
Mountain fault brings Devonian flysch of the Temiscouata Formation in the Connecticut Valley-Gaspe synclinorium into contact with various Silurian formations as it cuts along the limb of
a major unnamed Acadian syncline. At Riviere Bleue, the fault
places the Temiscouata Formation against limestone and basalt
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that is here considered to be an equivalent of the Silurian
Fivernile Brook Formation. The generally poorly exposed
Fivernile Brook Formation, designated as an unnamed Silurian
unit by Lajoie et al. ( 1968), appears to stratigraphically overlie
the Cabano Formation. At Lake Terniscouata, the fault separates
younger Silurian units (Pointe-aux-Trembles and Robitaille Formations and units of the Mount Wissick Group) together with
the enigmatic Middle Devonian Touladi Formation (limestone)
from the synclinorium flysch. Reconnaisance mapping between
Riviere Bleue and Lake Temiscouata suggests that the Cabano
Formation is underlain or in fault contact with either graywacke,
equivalent to the lower member of the Depot Mountain Formation, or polydeformed rocks generally equivalent to the Saint
Daniel Formation as mapped in Maine (Fig. 1).

Previous Work
Except for brief but arduous excursions along portions of
the St. John and Allagash Rivers and their tributaries by Jackson
( 1838), Hitchcock (1861), and Wing (1951 ), systematic geologic
investigation of northwestern Maine began with the reconnaissance work in 1967 by the U.S. Geological Survey reported by
Baudette et al. ( 1976). In 1979, a Maine Geological Survey
project funded by the U.S. Army Corps of Engineers investigated
the mineral resource possibilities of the region by concentrating
efforts in three small areas known to contain volcanic rocks (Roy,
l 980a). A second field season in 1981 was devoted to reconnaisance mapping north of Rocky Mountain and into Canada
(Roy, l 982a), together with a geochemical study of volcanic
rocks in the Five Mile Brook Formation (Schwartz and Hon,
1983; Schwartz et al., l 984). Later, the sedimentary rocks of the
Fivemile Brook Formation were studied (Dubois and Roy, 1985;
Dubois, 1986). The most recent investigations in Canada along
strike to the northeast are those by Lesperance (1959, 1960),
Lesperance and Greiner (1969), Lajoie et al. ( 1968), Morin
( 1984), David et al. ( 1985), and David and Gariepy ( 1986, 1987).
To the west and southwest, studies by Beland (1957, 1962),
Cousineau (1982; 1987), and Cousineau et al. (l 984a,b) as well
as those by Slivitzky and St-Julien (1987) and St-Julien (1987)
are the most relevant to this discussion.

STRATI GRAPHIC SETTING OF THE DEPOT
MOUNTAIN FORMATION
Older Rocks: Saint Daniel Formation (.£0sdg, t:Osdr)
Baudette et al. ( 1976) first recognized that the oldest rock
unit in northwestern Maine is a polydeformed phyllite and
quartzite sequence which they divided into the "Estcourt Road"
and "Lac Landry" sequences. Roy (1980a; 1982 a,b) assigned
the rocks of both sequences to the Estcourt Road Formation, a
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"disrupted formation" (" broken formation" of Hsu, 1974), and
reported melange with rounded blocks of quartzite, graywacke,
and chert in the unit in several places. During compilation of the
1985 state map (Osberg et al., 1985), the Estcourt Road Formation was regarded as an extension of the Saint Daniel Formation/melange into northwestern Maine and is so shown on the
map. The unit is clearly lithologically similar to much of the
Saint Daniel Formation as it has been traced recently through the
Eastern Townships of Quebec to the Maine border by Cousineau
(1987; pers. commun., 1986). However, the outcrop width of
the formation in Maine is much wider than mapped by Canadian
geologists in the Eastern Townships. As shown on the Maine
bedrock map, it forms a belt at least I 0 kilometers wide northeast
of Seven Islands in Maine (Fig. I). Since the Saint Daniel
Formation shown on the Maine map is made up in large part of
disrupted stratigraphy of the Caldwell and Rosaire Groups, it
does not strictly conform to the definition of the Saint Daniel
Formation (melange) in its type area (Williams and St-Julien,
1982; Cousineau and St-Julien, 1986). Current detailed mapping within the Saint Daniel Formation as presently defined in
Maine by S. G. Pollock may produce subdivisions of the unit and
result in the separation of polydeformed Caldwell and Rosaire
rocks from "true" melange of the Saint Daniel Formation as
mapped in Canada. Cousineau et al. ( I 984b) report the presence
of Saint Daniel-like melange with Rosaire rock types as blocks
along several oblique faul ts that cut the Caldwell Group and
urges caution in considering all such melanges as Saint Daniel
Formation (Cousineau, pers. commun., 1987). Whatever results
from subsequent study of this belt in Maine, it is clear that these
rocks have undergone much tectonism and that formations and
groups in the lithostratigraphic sense will be very difficult to
define. It is more likely that the belt will be divided into tectonic
units or "lithodemes" as defined by the North American Commission on Stratigraphic Nomenclature ( 1983). For the purposes of this paper, however, the term "formation" will be used
following the usage of Osberg e t al. ( 1985) on the Maine map.
As designated in Maine, the Saint Daniel Formation is
composed of two types of metasedime ntary "sequences" or
"domains" that both show bedding transposition (Fig. 2). The
most extensive is Sequence I (£0sdg in Fig. 2), composed of
gray and black phyllite interlayered on the scale of centimeters
with beds of calcareous, quartzose, fine-grained sandstone and
siltstone. Limestone and quartzite beds and "blocks" are present
locally in this sequence. Recent mapping indicates that a sequence of gray phyllite, silty carbonate, and lesser quartzite,
c urrently included in Sequence I and similar rocks assigned to
the Trinite Group of Lajoie ( 1971 ), may eventually be separately
mapped. In most outcrops of Sequence I, the bedding is
transposed along the most prominent foliation, interpreted to be
regional S 1, producing lens-shaped bed fragments of sandstone
and siltstone and de limbed fold hinges ofF 1 folds. In the vicinity
of Estcourt, outcrops of melange containing rounded blocks of
chert and graywacke as well as one possible large block of pillow
basalt (Fig. 1) are seen within Sequence I.

Sequence II (£0sdr of Fig. 2) consists of red and lesser
green slate interbedded with red, green, and white thick-bedded
quartzite and feldspathic quartzite. Bedding transposition is less
conspicuous in pave me nt ex posures of the thin-bedded slate
portions of this second sequence, but massive quartzite beds are
typically "segmented" and some appear to be boudin blocks.
As stated above, the Saint Daniel Formation in Maine is on
strike from both the Rosaire and Caldwell groups as mapped by
Beland ( 1957) in the St. Maglorre and Rosaire-St. Pamphile
areas in Quebec to the southwest, and the Quebec Group (principally units 1A, IB, and IC) to the northeast as mapped by
Lesperance (1960) and Lesperance and Greine r (1969). Sequence I of the unit in Maine is lithologically similar to the
Rosaire Group and units Band C of the Quebec Group; Sequence
II is a good lithologic correlative of the Caldwell Group and unit
A of the Quebec Group. Nonfossiliferous red and green
quartzites interbedded with red slates in the vicinity of La
Resurrection in the Cabano sheet, assigned to the Late Silurian
Robitaille Formation by Lajoie et al. ( 1968) and Lesperance and
Greiner ( 1969), are here considered to be part of Sequence II as
traced northeastward in reconnaissance mapping from Maine
(Fig. 1).
Since there are no fossil localities in the Saint Daniel Formation in Maine, the age of the formation must be inferred from
regional considerations. The melange involves the disruption of
strata lithologically similar to those of the Caldwell and Rosaire
Groups. Part of the Rosaire Group is correlated with the Oak
Hill sequence which contains an Early Cambrian fauna. The
Caldwell Group, and its inferred equivalent, the Armagh Group,
are also considered to be Early Cambrian, but may range into the
Late Cambrian based on regional correlations summarized by
St-Julien and Hubert ( 1975). The tectonic disruption of the two
groups to form the melange took place during the time span of
Late Cambrian to the Middle Ordovician. The young limit on
the deformation is taken to be represented by the age of the oldest
rocks inferred to be present in the St. Victor synclinorium.
The Saint Daniel Formation is everywhere separated from
the Depot Mountain Formation by the Dead Brook fault, but the
evidence for the fault is mostly circumstantial. The inference
that a fault separates the two units is based on the contrast in
structural histories across the contact and the absence of
stratigraphic evidence within the Depot Mo untain Formation
that suggests an unconformity. The contact is closely located
just south of the St. Francis River where rocks of both the Saint
Daniel Formation and Depot Mountain Formation appear to
have been sheared, but lack brittle fracture features seen along
faults involving Devonian rocks. Near the St. Francis River the
contact may be pre-Acadian, possibly late Taconian, but elsewhere the Dead Brook fault as presently mapped may be
younger, as for example where a sliver of fossiliferous Devonian
slate and sandstone (Boudette et al., 1976; locality F-300) is
present along the fault near Seven Islands. Thus it is possible
that the Dead Brook fault is composite a nd contains segments
formed during more than one deformational event.
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Unnamed Problematic Unit (Ou)
Northwest of Rocky Mountain, along the main logging road,
there is a series of exposures of quartzite, quartzite conglomerate, siltstone, and slate that are at present difficult to
match with surrounding units. One siltstone bed within these
rocks contains an abundant and di verse fauna. The fossil locality
is F- 1l7 ofBoudette et al. (1976) which they assigned originally
to a belt of rocks they called the "Strata of the Rocky Brook
Terrane." The "Rocky Brook Terrane" has now been subdivided
by Roy ( l 980a, l 982a) into rocks presently assigned to the Saint
Daniel and Depot Mountain Formations. The fossi ls
(pelecypods, brachiopods, and trilobites) were originally
recovered by R. B. Neuman from laminated calcareous siltstone.
These fossils were assigned a Siluro-Devonian age by Neuman
(Boudette et al., l 976), and this determination was used to place
the rocks of the "terrane" in that time span. Since the subdivision
of the terrane suggested that the rocks in the vicinity of the fossi 1
locality were likely to be of pre-Silurian age, I requested a
reassessment of the collection and clarification as to the precise
location of the locality. Neuman (on brachiopods), J. Pojeta and
R. J. Zhang (on pelecypods), W. A. Oliver (on corals), alJ of the
USGS, and P. J. Lesperance (on trilobites) of the University of
Montreal determined the following fauna to be present in the
collection -- Brachiopods: dalmanellid, strophomenide, and a
coarse-ribbed orthid; Corals: Paleofavosites(?) sp., rugose coral
fragments; Pelecypods: Ambonychia sp., Modiolopsis(?) sp.;
Trilobites: Achatella sp., Remopleurides s. I. sp., Erratencrinurus (Cettencrinurus) n.(?) sp. The age suggested collectively by these fauna, especially the pelecypods, is Ashgillian
of the Late Ordovician (Maysvillian-Richmondian) as reported
in letters by Neuman, Pojeta, Oliver, and Zhang to the present
writer in 1983 and by Lesperance to Neuman in 1985.
Originally a very small outcrop, the locality was well exposed during the 1987 field season and is now surrounded by
new outcrops of the Saint Daniel Formation. Since the fossiferous rocks and the sequence in which they are found do not
appear to be polydeformed, they do not seem to be part of the
older Saint Daniel Formation even though that formation is the
only unit that contains similar quartzites. Although the Depot
Mountain Formation is inferred to span an age range that includes the Ashgillian, it does not contain quartzites. The rocks
of this fossili ferous sequence are therefore presently interpreted
to be in a fault slice within the Saint Daniel terrane.
Younger Rocks
The Depot Mountain Formation is overlain by the Fivemile
Brook Formation and the Rocky Mountain quartz latite. Though
the contacts with these units have not been observed, there is no
evidence of a structural break where the contacts are closely
approached, as along Twomile Brook and on the western flank
of Rocky Mountain. The contact is inferred to be an unconformity with little or no angularity. The hiatus represented by the
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unconformity is probably roughly equivalent to the Middle
Silurian hiatus that is well documented in the Lake Temiscouata
region between the Late Llandoverian Pointe-aux-Trembles Formation and younger units of the Upper Silurian (Lajoie et al.,
1968). The local, apparently stratigraphic, association of felsic
volcanic rocks of the Rocky Mountain quartz latite with limestone, phyllite, and basalt of the Fivemi le Brook Formation
suggests that these two younger units are essentially coeval.
Fivemile Brook Formation (Sf). The Fivemile Brook Formation is composed of light greenish gray, variably calcareous
phyllite interlayered with thin beds of biomicritic limestone
(Roy, l 982a,b; Dubois and Roy, 1985; Dubois, 1986). Locally,
as at the type section in Fivemile Brook, alkali basalt is abundant
as flows as well as dikes and sills (Schwartz and Hon, 1983;
Schwartz et al., 1984). The basalt is sufficiently abundant to be
mapped as greenstone members (Sfg on Fig. 1; Boudette et al.,
1976; Roy, l 982a). The Late Silurian (Ludlovian) age of the
Fivemile Brook Formation is based on corals found near the base
of the exposed section at Fivemile Brook (Boudette et al., 1976).
Where extensively exposed in the watersheds of the both
Twomile and Fivemile Brooks, the Fivemile Brook Formation
forms a homoclinal sequence facing southeast. Felsic volcanic
rocks, largely rhyolite, are seen interlayered with basalt in the
greenstone unit just northeast of Fivemile Brook and apparently
within the Fivemile Brook Formation just southwest of Rocky
Mountain. These occurrences, together with the association of
limestone and basalt of the Fivemile Brook Formation with the
felsic volcanic rocks near Rocky Mountain itself, imply that the
eruptions of basalt and the felsic volcanic rocks are penecontemporaneous with the sedimentary rocks of the formation. The
Fivemile Brook Formation has not been observed in Maine
between Rocky Mountain and the St. Francis River and is
inferred to have been structuraUy removed along the Rocky
Mountain fault. Along the continuation of the fault northeast of
Riviere Bleue in Quebec, previously unreported basalt and unnamed Silurian limestones (Lajoie et al., 1968) are here considered to be remnants of the Fivemile Brook Formation
preserved in fault slivers.
Dubois ( 1986) recently completed a detailed study of the
type section of the Fivemile Brook Formation along Fivemile
Brook. He found that, in the lower part of the formation, the
limestone, calcareous phyllite, and basalt flows are ordered into
cycles that reflect the depositional influences of newly erupted
flo ws in a generally subsiding shallow-water basin. A cycle
begins with a basalt flow, from 2 to 31 meters thick, succeeded
by medium-to-thick bedded coralline and crinoidal limestone
with minor interbedded phyllite, followed upward by calcareous
phyllite with progressively fewer thin beds of micrite. Well
oxidized upper parts of several of the flows suggest that the tops
of these flows were at, or above, sea level and that water depths
during depositon of the lower part of the forma tion were on the
order of 10 to 20 meters. The upper part of the formation is
almost entirely calcareous phyllite that represents deep subtidal
deposition on a basin floor no longer experiencing basalt flows.

The Depot Mountain Formation
Although the Fivemile Brook Formation and the younger flysch
of the Devonian in the Connecticut Valley-Gaspe synclinorium
are regarded to be in fau lt contact across most of northwestern
Maine (Fig. I), Dubois ( 1986) believes that the contact between
these units is probably gradational in the Fivemile Brook section
based on the presence of poorly exposed calcareous sandstone
of Devonian as pect interlayered with calcareou s phyllite
northwest of the Rocky Mountain fault. If thi s conclusion is
valid, then the basin which began during the deposition of the
shallow-water lower phase of the Fivemile Brook Formation
evolved into a deep-water flysch basin in the Devonian.
Rocky Mountain Quartz Latite (Sr). Boudette et al. ( 1976)
assigned the latitic rocks at Rocky Mountain and near Pockwock
Stream, southwest of the mountain, to a "Quartz Latite" subunit
of their "Fivemile Brook Sequence". Roy ( I 980a, I 982a,b)
mapped the latite as a unit separate from a revised Fivemile
Brook Formation. Here the name "Rocky Mountain quartz
latite" is suggested for these large ly, but not exclusively, felsic
rocks. Possibly as much as 1000 m of fragmental siliceous lithic
and crystal tuffs with much less mafic rock are preserved in a
syncline at Rocky Mountain. These volcanic rocks apparently
rest stratigraphicall y on the upper member of the Depot Mountain Formation along the west slopes of the mountain and are in
fault contact with Devonian flysch to the east of the mountain.
Strata in the Depot Mountain Formation and Rocky Mountain
quartz latite are parallel, which suggests that the two units are
e ither conformable or, more likely, disconformable. As suggested above, the presence of basalt within the felsic sequence
and the association of the sequence with rocks typical of the
Fivemile Brook Formation on the southern slopes of the mountain suggest the probability that the felsic eruptives are part of a
Late Silurian bimodal volcanic series (Schwartz et al., 1984). No
rocks comparable to the Rocky Mountain quartz latite have been
described along strike, e ither to the northeast or southwest in
Quebec, but Cousineau et al. (I 984b) and Duquette ( 1961 ) report
the presence of felsic intrusives along or near the La Guadeloupe
fault.

DEPOT MOUNTAIN FORMATION
The dark slates, lithic and feldspathic graywacke, and volcaniclastic rocks that comprise the Depot Mountain Formation
where assigned to the "Depot Mountain Sequence" by Boudette
et al. (1976). Graptolites found by them in a slate bed at the type
locality on the western slopes and summit of Depot Mountain
are of Late Ordovician age and are associated with thickly
bedded volcaniclastic sandstone and water-laid lithic and crystal
tuffs. Coarse grained and pyritiferous volcaniclastic conglomerate at Depot Mountain was correlated with other more
polymictic conglomerates to the northeast near Rocky Mountain
and mapped as a subunit within the sequence. Boudette et al.
( 1976) recognized the possible correlation of part of the Depot
Mountain Sequence with the Silurian Cabano Formation based

on li thologic similarity and along-strike position, but were not
able lo confirm the correlation. Local detail and additional
reconnaissance mapping by Roy ( l 980a, I 982a) indicated that
the "Depot Mountain Sequence" is both lithologically distinctive
and of such regional ex tent that formational rank is appropriate
(Roy and Lowell, 1983). The conglomerate subunit as mapped
by Boudette et al. ( 1976) was found not to be mappable as a
member and water-laid ruffs were found to form stratigraphic
horizons that could be mapped at least locally. More recently,
the formation has been subdivided into two members, inferred
to be upper and lower, based on graywacke composition and on
the association of luffs with graywacke enriched in volcaniclastic detritus. This subdivision at present is confined to the portion
of the belt between Seven Islands and Riviere Bleue as shown
in Figure I and on the recent state map (Osberg et al., 1985). The
lower member, though present at Depot Mountain, has not yet
been separated from the upper member south of Seven Islands.
Between Seven Islands and Rocky Mountain, the lower member
appears to be cut out by the Dead Brook fault and north of Rocky
Mountain the upper member is apparently removed in part by
the Rocky Mountain fault.

Lower Member (OSdml)
The rocks within the Depot Mountain Formation similar to
those of the type locality at Depot Mountain are here assigned
to the lower member. The lower member consists mostly of
thick-bedded, dark gray, fine-to-coarse grained, feldspathic
graywacke interbedded with dark gray and black slate or phyllite. Locally within the member are sequences of lithic and
crystal tuff commonly associated with green and green-gray
siliceous slate/argillite and conglomerate composed exclusively
or largely of angular felsic volcanic clasts. Roundstone conglomerate, largely composed of felsic clasts, is also seen locally
within the lower member. The thickness of the lower member
is unknown.
Sandstone. The lower member is best exposed north of
Rocky Mountain where it can be traced across the St. Francis
River to the vicinity of Cabano in Quebec. Within this exposure
belt, outcrops of dark gray, very feldspathic lithic sandstone,
generally graywacke, predominates. The sandstone beds range
from a few tens-of-centimeters to several meters thick, are
typi cally noncleaved or poorly cleaved, and are medium-tocoarse in grain size. A characteristic white "chalky" weathering
patina is usually present.
Most outcrops of the sandstone do not display complete
beds and internal parallel- or cross-stratification are not seen. In
these outcrops only portions of thick beds are visible and it is
difficult to be precise concerning their mode of deposition.
Since some thinner beds ( < 0.3m) do display Tb and Tc turbidite
divisions and graded bedding, more massive beds are inferred to
also represent very rapid deposition from sand-ladened turbidity
currents where sedimentary structures do not develop (Roy,
1987). In some outcrops soft-sediment deformation is seen that
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TABLE I. MODAL ANALYSES OF MEDIUM- AND COARSE-GRAINED SANDSTONES FROM THE DEPOT MOUNTAIN FORMATION 1
AND PRINCIPAL MODAL COMPONENTS (AFTER DICKINSON AND SUCZEK, 1979) FOR THE TRIANGULAR PLOTS OF AGURE 3.
ANALYSIS NUMBER

MODAL COMPONENTS

2

Quartz
Feldspar3
Detrital muscovite
Detrital biotitc
Detrital chlorite
Detrital carbonate
Opaque minerals
Argillaceous matrix
Secondary carbonate
S iltstone
Slate/Shale
Phyllite
Schist
4
Volcanic rocks
Unidentified

2563

2627

35.0
17.0
0.5

25.0
26.0
1.0
0.5
1.5
3.0

4.0
0.5
27.0
1.0
2.0
0.5
0.5
7.8

20.5
4.3
1.5
1.5
15.2

Lower Member
3068
3149
23.6
34.3

3173

3203

2621

18.4
41.7

19.5
38.5
0.5

36.2
4.8
1.0

3.5
0.5

2.0

32.6
21.2
1.0
0.5
1.5
1.5

3.6

1.4
20.8

23.9
1.5
2.0
3.5

0.9
1.9
1.9
1.9
9.2
0.5

5.0

0.5
15.5
4.5
2.0
1.0
16.0

13.9
3.0
5.9
4.5
2.0
11.9
0.5

Upper Member
2530

2635

41.7
I 1.7

33.8
18.2

0.5
1.9
25. 1
6.3
14.0
5.8
2.9
1.0

1.0
1.0
29.6
6.8
1.5
3.4
2.4
1.9

18.9
6.1
11.6
3.5
5.0
1.5
0.5

0.5

100.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

Qm
F
Lt

49.2
27.0
23.8

28.8
38.1
33.I

30.1
48.1
21.8

24.5
58.7
16.8

23.0
47.8
29.2

36.4
27.9
35.7

48.2
8.8
43.0

55.4
18.8
25.8

43.3
25.5
31.2

Qp
Lv
5
Lsm

16.7
41.7
41.7

17.8
55.4
26.8

8.1
54.1
37.8

4.0
40.0
56.0

2.1
66.6
31.3

12.7
38. I
49.2

29.0

21.4
9.5
69.I

10.2
2.0
87.8

TOTAL

71.0

Analyses of 200 counts perfonned by R. D. Collins.
Includes monocrystalline and polycrystalline monomineralic quartz grains and quartz crystals in phaneritic quartz-feldspar grains.
3
Includes monocrystalline and polycrystalline monomineralic feldspar grains and feldspar crystals in phaneritic quartz-fe ldspar grains.
4
Predominantly quartz-bearing devitrified felsic volcanic rock fragments and generally much lesser intennediate and mafic volcanic rock fragments.
5
Includes all sedimentary and metasedimentary rock fragments.
2

suggests development of ball-and-pillow and shale injection
features that are consistent with rapid deposition of sand onto
high water-content basinal muds. Some "soft-sediment" deformation, particularly pelite injection, may, on the other hand, be
related to deformation of semiconsolidated sediments under high
pore pressure conditions during the late Taconian as discussed
below.
In thin section, the sandstones are seen to be composed of
angular-to-subrounded, generally monocrystalline quartz with
a ngular feldspar in proportions equal to or greater than those for
quartz (Table 1). These mineral grains together with 5-16%
volcanic fragments are set in a matrix (defined as less than 30
microns) composed of finely crystalline chlorite, muscovite,
opaques, and silt-sized quartz and feldspar grains. The matrix
proportions of 14-27 volume percent are consistent with typical
depositional porosities of sandstone. The abundance of feldspar
grains with sharp grain boundaries suggests that the matrix is
largely "primary", though it may have formed in part from the
breakdown of sub-30 micron feldspar and shale/mud clasts.
Volcanic rock fragments are mostly quartz-bearing with many
showing devitrification textures. A lesser population of quartzabsent clasts showing felty and pilotaxitic textures with intersti-
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tial chlorite is also present. Sedimentary and metasedimentary
clasts, with few exceptions, are low in abundance.
Following the general conventions of Dickinson and Suczek
( 1979), the proportions of framework grains in five lower member sandstones are plotted on Qm-F-Lt and Qp-Lv-Lsm diagrams
in Figure 3. The sandstones of the lower member fall within the
fields suggesting derivation from a "magmatic arc" which is
consistent with interpretations suggested for some of the flysch
of the St. Victor synclinorium by St-Julien and Hubert (1975)
and Cousineau and St-Julien (1985).
Water-laid Tuffs (OSdmt). Provenance of the lower member sandstones in a volcanic terrane is echoed by the presence,
locally within the member, of pyroclastic rocks. These rocks are
perhaps best displayed on Depot Mountain itself, but they are
seen in scattered localities along the trend of the formation to the
northeast as in the area of Figure 4. At Depot Mountain light
green-gray, fine-grained, crystal and lithic tuffs in beds from one
centimeter to a meter or so thick are interbedded with silicified
dark-gray and green laminated slate to form a water-laid tuff
sequence that is several hundred meters thick. The tuffbeds are
typically graded, but generally lack current-generated sedimentary features suggesting that they were formed by settling of ash

The Depot Mountain Formation
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Figure 3. Principal component triangular diagrams showing the compositions of sandstones from the Depot Mountain and Cabano Formations. Cabano Formation data from David et al. (1985). (a) Qm-F-Lt
diagram: Qm pole, monocrystalline detrital quartz grains; F pole,
monocrystalline and polycrystalline feldspardetrital grains and feldspar
crystals in phaneritic quartz-feldspar detrital grains; Lt pole, all finegrained rock fragments. (b) Qp-Lv-Lsm diagram: Qp pole, polycrystalline quartz detrital grains; Lv pole, volcanic rock fragments; Lsm
pole, all sedimentary and metasedimentary rock fragments.

through a still-water column. Flame structures are common
along the bottoms of these fine-grained tu ff beds. The green tint
in the color of these rocks is due to abundant chlorite and epidote
alteration.
At the summit of the mountain near the site of the former
fire tower, thick beds of sharpstone conglomerate are composed
almost entirely of angular granule- and pebble-sized light-gray
fragments of felsite and much less mafic rock set in a subordinate
tuffaceous matrix. Texturally homogeneous beds of this conglomerate, up to 4 m thick, are present. It is not clear how these
beds were deposited, but it is possible that they formed by
debris-flow transport of coarse material from relatively nearby
eruptive centers, since they show little evidence of grain size
separation.
The tuffaceous rocks interbedded with green-gray siliceous
argillite, slate, and feldspathic graywacke north of Rocky Mountain (Fig. 1) are well exposed along a logging road (Fig. 4 ; Stop
B-5 of Roy and Lowell, 1983). These crystal and lithic tuffs are
also interbedded with gray slate and lithic/feldspathic
graywacke. Both lamination and devitrification textures are
conspicuous in some of the tuffs.
Upper Member (OSdmu)

The upper member is well exposed between Seven Islands
and Rocky Mountain where it usually underlies the Fivemile

~ Seboomook

Formation
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Figure 4. Geologic map showing the outcrop control in the only area
where the lower (OSdml/OSdmt) and upper (OSdmu) members of the
Depot Mountain Formation are presently known to be in contact. A
fault contact between the members is observed at location A; at location
B, a fault sliver of the Saint Daniel Formation is seen to be between the
members. The location of this map area is shown in Figure I.

Brook Formation. Typical exposures can be seen along lumber
roads on the western slopes of Rocky Mountain (for example,
Stop B-2 of Roy and Lowell, 1983) and along Twomile Brook
and the major lumber road that crosses it. The member consists
of dark gray, foliated, lithic graywacke interbedded with equal
or greater proportions of lam inated gray slate. Locally, beds of
conglomerate are present that are interbedded with graywacke,
but these conglomerates cannot as yet be mapped as subunits
within the member. The thickness of the member is not yet well
established due to internal folds and poor outcrop control, but it
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may exceed 1000 meters based on apparently homoclinal sequences on the western flank of Rocky Mountain and near the
upper contact of the member along Twomile Brook.
Sandstone. Sandstones of the upper member differ from
those of the lower member in their higher quartz-to-feldspar
ratios, relatively low content of volcanic rock fragments, and
much higher proportions of sedimentary and metasedimentary
clasts (Table 1). Indeed the most conspicuous feature of these
sandstones is the abundance of siltstone and foliated pelitic clasts
which, together with the foliated interstitial matrix, impart a
pronounced cleavage to the rocks. The foliation in most of the
pelitic clasts appears to be post-depositional since it is parallel
to the foliation in the matrix. Some of the fine-grained interstitial
material included in the matrix appears to have been deposited
as fine-grained (silt or fine-sand sized) particles of shale. The
framework grain size of the sandstone is remarkably uniform, in
the range of medium to coarse sand. Even laminated beds that
are only a few centimeters thick are of medium grain size in
many instances. Graded bedding, parallel lamination, rippledrift cross lamination, and sole features typical of turbidites are
commonly present in the sandstone beds.
The triangular diagrams of Figure 3 show that the principal
framework grain modes of the three analyzed upper member
sandstones are similar, though somewhat more feldspathic, to
sandstones from the Cabano Formation analyzed in a similar
fashion by David et al. ( 1985). In addition, it can be seen that
these diagrams discriminate the sandstones of the two members
and place them in different provenance provinces as defined by
Dickinson and Suczek (1979). The sandstone compositions
confirm the conclusion that the upper member and its probable
correlative, the Cabano Formation, may be largely derived ·from
nearby orogenic metasedimentary sequences as suggested by
Lajoie et al. ( 1968) and David et al. ( 1985) and discussed below.
In contrast, the provenance of the lower member is more consistent with a volcanic arc provenance.

Stratigraphic Relations and Age
Fossil Localities. There is one fossil locality in the Depot
Mountain Formation and it is in the lower member. The graptolites from this locality on Depot Mountain itself, reported by
Boudette et al. ( 1976) though not described in detail, were
considered to be similar to those from the Beauceville Formation
of the Magog Group and assigned a "Middle Ordovician" age.
More recently, W. B. N. Berry (pers. common., 1987) indicated
a likely Caradocian age, placing the graptolites in the Late
Ordovician according to the time scale by Palmer (1983).
Lithologic and temporal correlations of the Depot Mountain
Formation with the formations of the Magog Group are at present
problematical and await careful mapping southwestward from
the Seven Islands area of Maine into Quebec. Lithologically, the
lower member is possibly most similar in sandstone composition
to the lower Frontiere Formation, the basal unit of the redefined
Magog Group as described by Cousineau ( 1982), Cousineau et
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al. (1984a), and Cousineau and St-Julien (1985). The Frontiere
Formation is, however, pre-Caradocian and is currently considered to be late Arenigian or Llanvirnian (late Early or early
Middle Ordovician) by Cousineau (pers. conunun., 1987). On
the other hand, the St. Victor Formation, at the top of the Magog
Group and with sandstones generally similar to the upper member of the Depot Mountain Formation, contains graptolites of
Caradocian age. To complicate matters further, I consider the
unfossiliferous graywacke of the enigmatic Resurrection Formation, interpreted to be of possible late Silurian age by Lesperance
and Greiner (1969) and Lajoie et al. ( 1968), to be a good
lithologic match for the lower member. As discussed below, it
may well be that a strict "layer cake" succession of lithologically
distinctive units with narrowly restricted age ranges is not
present and, instead, a complicated temporal and spatial pattern
oflithofacies was developed within the synclinorial stratigraphy.
There are no fossil localities in the upper member. The age
of the upper member is constrained by the age (Late Silurian) of
the Fivemile Brook Formation that is stratigraphically above it
and the age of the lower member which seems to be largely
subjacent. If the upper member is a direct correlative of the
Cabano Formation as discussed above, then the member spans
the Caradocian of the Ordovician to the middle Llandoverian of
the Silurian (David et al., 1985; Lajoie et al., 1968). The
Caradocian age for the basal part of the Cabano Formation is
based on graptolites of both the gracilis zone and the multidens
zone that were recently found stratigraphically below the base
of the massive sandstones and conglomerates near Biencourt,
Quebec, by J. David (P. J. Lesperance, pers. commun., 1986). It
is therefore possible that the age ranges of the two members of
the Depot Mountain Formation overlap, suggesting that major
regional lithofacies variations may be present within the formation and in coeval flysch sequences to the northeast as well as to
the southwest.
In sununary, the rocks assigned to the Depot Mountain
Formation appear to extend in age from at least the Caradocian
to the middle of the Llandoverian. The formation therefore
spans the time interval from the late events of the Taconian
orogeny into the period of the "successor basins".
Contact Between the Lower and Upper Members. Unfortunately, a stratigraphic contact between the two members of the
Depot Mountain Formation has not yet been observed. The best
chance to study the relationship between the members was
considered to be in the region shown in Figure 4 where the two
members are in proximity with the closest outcrop control.
During the 1987 field season, a N40°E-trending fault-contact
between rocks of the two members was well exposed in a small
road-metal borrow pit at locality A. The exposed part of the
vertical fault zone is about 20 m wide and contains blocks of
graded conglomerate, sandstone, and slate of the upper member
within it. The adjacent felsites of the lower member are sheared
and locally brecciated. Slickensides on fault-parallel foliation
surfaces within the fault zone indicate that the eastern block is
upthrown. At locality A, the fault is parallel to, and about 0.5
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kilometers northwest of, the trace of the Rocky Mountain fault
which separates the upper member from Devonian rocks. The
fault at locality A projects southwestward to locality B where
sheared fels ite of the lower member is in contact with
polydeformed black phyllites, impure limestones, and thin
quartzites of the Saint Daniel Formation that form a fault sliver
between the two members. The faults that bound the sliver and
separate the members at locality B strike about N50°E and cut
the local bedding and foliation trends of the lower member
felsites and graywacke beds. The faults are considered to have
been formed, together with the Rocky Mountain fault, after the
main compressional phase of the Acadian orogeny. At present,
therefore, stratigraphic continuity between the members of the
Depot Mountain cannot be demonstrated.
DISCUSSION AND CONCLUSIONS
It is now clear that in northweste rn Maine and adjacent
Canada, the transition from rock units contemporaneous with
late phases of the Taconian orogeny to units deposited in a
post-orogenic successor basin is complex and not generally
represented by an angular unconformity. The Taconian is rather
elegantly interpreted as the closing of an oceanic basin in which
one or more volcanic arcs closed with the early Paleozoic continental margin of North America (St-Julien and Hubert, 1975;
Stanley and Ratcliffe, 1985; Bradley and Ku sky, 1986). The
arcs, possibly wi th "cores" of continental crust, developed some
unknown distances offshore of the continent and moved toward
the continent, beginning by at least the Arenigian of the Early
Ordovician and probably earlier. Interaction of the arcs with the
continent took place in the Middle-to-Late Ordovician as continental marg in sedimentary rocks, oceanic sedimentary rocks,
and ophiolite were thrust onto the edge of the continent to form
the Taconic allochthons. The multiple allochthons were accompanied onto the continental edge by a complex of elongate
fore-arc basins that represented the arc-trench gap provinces of
the system. These basins were filled with fl ysch and olistost romes derived la rgely from the allochthons and were
deformed by overriding ("higher") allochthons. The final phases
of the obduction of arc and accretionary wedge material we re
completed during the Caradocian in the "classical" Taconian
terrane along the western margin of the orogen.
The volcanic rocks of the arc (or arcs) in Quebec and Maine
are commonly thought to be represented by the Ascot and
Weedon Formations in the Eastern Townships of Quebec and the
Winterville and Munsungun Formations of northeastern Maine.
The formations in Maine are fossiliferous and almost entirely of
Caradocian age (Hall, 1970; Roy and Mencher, 1976), but locally volcanic rocks as old as Arenigian are present (Shin Brook
Formation, Neuman, 1967); the Ascot and Weedon Formations
are not fossi liferous, but are inferred to be of a similar age range.
Although the Ascot-Weedon and Winterville-Munsungun volcanic belts are similar in both lithology (basalt-to-rhyolite) and
age, it is not possible to be certain that they are parts of a single

volcanic terrane because they are separated by a wide belt of
Devonian cover rocks. The volcani c rocks of the MunsungunWinterville belt rest unconformably on polydeformed formations composed largely of phyllite and quartzite of probable
Cambrian-Early Ordovician age. These pre-volcanic arc rock
units are generally along strike from, and are temporal/lithologic
equivalents of, the Hurricane Mountain Formation of the Lobster
Mountain anticlinorium, which displays melange fabrics and
exotic blocks (Boone, 1983; Boone et al., 1984). Collectively,
these pre-volcanic units appear to form a foundation for the
volcanic arc. They are lithologically similar in many ways to the
Saint Daniel Formation and the Caldwell/Rosaire Groups of the
Eastern Townships of Quebec and northwestern Maine as
pointed out by Boone ( 1983).
The St. Victor synclinorium and the Depot Mountain belt in
northweste rn Maine lie between the volcan ic rocks assigned to
the arc and the Baie Vert-Brampton line which might be thought
o f as the northwestern limit of the accretionary complex that
formed over a subducting oceanic crust. The ophiolite masses,
together with the Saint Daniel melange, might therefore be
analogues to the Rowe thrust zone of western New England
whic h is envisioned by Stanley and Ratcliffe (1985) to have
formed during a long history of subduction beneath the arc prior
to the collision of the arc with North American continental crust.
The flysch of the St. Victor synclinorium, including the
Depot Mountain Formation, is located in the correct position and
is of the a ppropriate age to be the last-formed deposits in a
fo re-arc basin as the arc completed its movement onto the edge
of the continent (Cousineau and St-Julien, 1986). As a basin in
an arc-continent collisional zone, the Middle-Late Ordovician
basin was located in a position analogous to the Plio-Pleistocene
coastal range collisional basin of eastern Taiwan (Lundberg and
Dorsey, in press) whic h developed be tween the Luzon volcanic
arc to the east (the Ascot-Weedon/Munsungun-Winterville
analogue) and the Central Mountains of Taiwan to the west (the
analogue of the polydeformed continental margin and oceanic
crust sequences of the Notre Dame anticlinorium of Fig. l). The
fore-arc collisional basin received detritus from both the arc and
the uplifted fold-thrust belt of the Central Mountains.
Figure 5 summarizes the correlations proposed here for
Ordovician through Middle Devonian units from the St. Victor
synclinorium in the Eastern Townships of Quebec, through the
Depot Mountain terrane in northwestern Maine, to the Lake
Temiscouta region. In northwestern Maine and Quebec to the
northeast, the Ordovician and Silurian sequences are bracketed
by major faults or fault systems: the Middle Devonian-oryounger La Guadeloupe/Rocky Mountain fa ult zone on the
southeast and the Caradocian-or-younger Dead Brook fault system on the northwest. The La Guadeloupe and Rocky Mountain
faults are commonly speculated to be east-over-west thrust
faul ts. Published detailed structural analyses of these faults are,
however, lacking. The unnamed extension of the these faults in
the Temiscouta Lake area has recently been shown as a rightlateral strike slip fault by David and Gariepy (1986, 1987)
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Figure 5. Correlation of the Ordovician-through-Middle Devonian units in northwestern Maine and adjacent Quebec along strike to
the northeast (Terniscouta Lake area) and southwest (Eastern Townships). The unnnamed unit in northwestern Maine is the
problematic unit discussed in the text. Open arrows indicate speculative sediment transport directions from either the northwest (left)
orthe southeast (right) in the northwestern Maine and Temiscouta Lake sections. Age picks come from the DNAG time scale (Palmer,
1983). Asterisks indicate stratigraphic position of age control based on fossils.

without a detailed rationale. The ages and nature of displacements along the steeply dipping faults, such as the Dead Brook
fault, that separate the Depot Mountain Formation and its correlatives from the Saint Daniel Formation and otherCambro-Ordovician units are also little understood. To complicate matters,
the contact between the units of the Saint Victor synclinorium
and the Saint Daniel Formation in the Beauceville and Saint
Victor(fhetford Mines areas of the Eastern Townships is shown
as an unconformity by St-Julien (1987), but as an east-over-west
thrust by Slivitsky and St-Julien ( 1987). Although Slivitsky and
St-Julien (1987) show a thrust fault along the northwestern
margin of the St. Victor synclinorium, they map synclinal "keels"
of Magog rocks within the Saint Daniel terrane near St. Methode
and indicate that the Magog stratigraphy is unconformable on
the Saint Daniel Formation beneath the thrust fault just north of
Magog. Present information along the northwestern margin of
the St. Victor synclinorium-Depot Mountain belt therefore suggests that the Depot Mountain Formation was deposited in a
basin that was underlain by the Saint Daniel Formation and that
the sedimentary sequence of the basin was at least locally unconformable on the melange. The Dead Brook fault and its
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equivalents along strike probably postdate the initiation of
sedimentation in the fore-arc basin, but may have had a long and
complicated displacement history. It is possible that the early
movements along the Dead Brook fault were associated with the
Taconian orogeny and latest melange development.
The provenance of the sandstones of the lower member of
the Depot Mountain Formation together with the water-laid tuffs
in the member are consistent with deposition near an active
volcanic arc. The active volcanism of the arc appears to have
ceased in the latest Caradocian or early Ashgillianjudging by the
well defined age limits on the volcanic units in the MunsungunPennington Mountain anticlinorium in northern Maine (Hall,
1970; Roy and Mencher, 1976). Termination of the volcanism
is likely related to the cessation of subduction and possibly to the
movement of North American crust beneath the arc (Zen, 1983).
Thus the transition from the lower to the upper member of the
Depot Mountain (and the Cabano) Formation approximately in
the late Caradocian or Ashgillian seems to coincide with the
termination of arc volcanism and of arc-continent collision.
The sandstones and shale of the upper member also show
sedimentological features indicative of deep-water deposition.
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The Cabano Fonnation is similarly found to be of deep-water
origin (Lajoie et al., 1968; David et al., 1985). Taken together,
the two units suggest that the fore-arc basin, begun earlier,
continued into the Llandoverian of the early Silurian. Though
the part of the basin in Maine remained deep, the provenance of
the sandstones changed from largely volcanic to predominantly
metasedimentary. To the northeast, where rocks similar to the
lower member of the Depot Mountain Fonnation have not been
recognized within the Cabano Fonnation, the "new source" seen
in the upper member appears to have been important as early as
the Caradocian since the metasedimentary source seems to have
been the more important source for the entire Cabano Fonnation.
Taking the present age infonnation on the two fonnations at
face-value, it is necessary to postulate either, (1) a single complex source terrane that was capable of supplying sand rich in
either volcanic or metasedimentary detritus, or (2) multiple
source terranes composed largely of either volcanic or
metasedimentary rocks.
At the moment, neither provenance hypothesis can be substantiated or eliminated. The sandstones of the Cabano Fonnation have long been thought to have come from the northwest,
based on paleocurrents and clast similarity to the older
metasedimentary rocks of the Quebec Group (Lajoie et al.,
1968). More recently, David et al. (1985) concluded, based on
lithofacies variations and post-Cabano Formation stratigraphy,
that the Cabano Fonnation could have had metasedimentary
sources from either the northwest or southeast with sediment
transport also within the basin along its northeast-trending axis.
The difficulty with proposing southeastern sources has been
establishing the specific source rocks. These source rocks
should be broadly similar to those of the Cambro-Ordovician to
the northwest of the basin. As suggested previously, the source
rocks are indeed present beneath the volcanic arc units in the
anticlinoria in central and eastern Aroostook County, Maine, and
along strike to the southwest. These rocks are seen in thick
successions of variegated phyllites with interbedded quartz-rich
sandstones and siltstones of the Chase Brook, Grand Pitch,
Hurricane Mountain, and Dead River Formations, for example.
These largely metasedimentary sequences are commonly
polydeformed and locally show melange features. In a complicated arc source terrane these prevolcanic metasedimentary
rocks might have fonned extensive upland areas that could have
shed substantial non-volcanic detritus into parts of the Depot
Mountain-Cabano basin while volcanic detritus was being
delivered to other parts of the basin.
The change in sandstone provenance seen in the Depot
Mountain Formation could therefore have resulted for either of
two reasons. First, a change in sediment transport patterns could
have brought sands with metasedimentary detritus from
northwestern uplands located in the Notre Dame anticlinorium.
This change from "outboard" arc to continentward accretionary
wedge sources would be very analogous to upward provenance
changes observed in the latest Miocene to early Pleistocene
fore-arc basin of eastern Taiwan by Dorsey ( 1988). Alternative-

ly, the change in Depot Mountain provenance could have been
due to the dissection of the southeastern arc terrane to expose the
underlying older metasedimentary units while the same sediment-transport patterns were maintained. A long-lived and large
sedimentary basin could have been filled with a complicated
pattern of sandstone lithofacies. The pattern would have been
produced by evolving canyon-fan complexes combined with
uplift and erosion of both a decaying volcanic arc and an uplifted
continentward accretionary belt analogous to the Central Range
of Tai wan. A precise understanding of the evolution of patterns
of sediment transport within the basin await more widespread
paleocurrent measurements which have thus far proven to be
difficult in northwestern Maine.
An interesting complication to the above picture of a
progressive upward loss in volcanic detritus is provided by the
deposition of the volcaniclastic sandstones and pyroclastic rocks
of the Pointe-aux-Trembles Formation in the Lake Temiscouata
region and the laterally equivalent Lac Raymond Formation
farther northeast (Lajoie et al., 1968; David et al., 1985). The
Late Llandoverian Pointe-aux-Trembles Formation overlies the
Cabano Formation gradationally with an upward increase in bed
thickness and is capped by a succession of tuff, volcanic breccias
and conglomerates, and rare andesite lava flows. In addition, the
Lac Raymond Fonnation contains gabbro sills. Lithofacies
analysis suggests that the Pointe-Aux-Trembles Formation was
derived from the southeast with turbidity currents moving down
at least two submarine canyons (David et al., 1985). The Pointeaux-Trembles Formation therefore represents not only the
transportation of volcanic detritus into the basin, but also indicates renewed or continued volcanic activity at the site of deposition and also possibly in the general direction of the arc during
the Late Llandovery. This volcanism is younger than any that
can be documented in the volcanic units generally assigned to
the arc. Because of the coarseness of the volcanic detritus and
pyroclastics, David et al. ( 1985) infer that the volcanism during
deposition of the Pointe-aux-Trembles Formation was nearer to
the basin than the volcanism of the late Ordovician. Major and
trace-element geochemical analyses (including REE) of the volcanic rocks of both formations suggest probable calc-alkaline
magmatic affinities to David and Gariepy ( 1986). The gab bros
proved to be either high-alumina or alkali basalts and are not
considered to be comagmatic with the volcanic rocks. Though
fractional crystallization is favored by David and Gariepy ( 1986)
to produce the geochemical variations seen in the volcanic rocks,
they are unable to rule out the possiblity that magma mixing
produced the variations. If the late Llandovery volcanism was
a continuation of arc volcanism, then it suggests that the movement of the arc toward, and onto, the North American margin
continued into the late Early Silurian. However, it is also possible that the late Llandoverian volcanism is an early representation of the late bimodal Silurian volcanism. This bimodal
volcanism is seen in the Fivemile Brook Fonnation, the Rocky
Mountain quartz latite, and volcanic units unconformably overlying the Ordovician arc volcanic units in the anticlinoria on the
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southeastern side of the Connecticut Valley-Gaspe synclinorium.
In this second possibility, the Pointe aux Trembles/Lac Raymond
volcanism would be unrelated to the Taconian arc and could have
been produced by mixing of peralkaline felsic and alkalic basaltic magmas similar to those seen in the post-Taconian volcanic
rocks of slightly younger age (Ludlovian) along strike in Maine
(Schwartz et al., 1984).
The late Llandoverian volcanism may be related to a
widespread disconformity that separates the Pointe-auxTrembles Formation and the Depot Mountain Formation from
younger, generally shallow-water, units of the upper Silurian
(Fig. 5). A hiatus representing the Wenlockian of the Silurian
(Fig. 5) was apparently caused by uplift and "draining" of the
Depot Mountain-Cabano basin which was accomplished without
significant compressional deformation. This occurred during
the inferred Middle Silurian highstand of sea level (Vail et al.,
1977). Invasion of marine water took place, possibly from the
northeast, during the Ludlovian. Restoration of marine conditions was accompanied in northwestern Maine by deposition of
the calcareous shales and limestones of the Fivemile Brook
Formation associated with bimodal volcanism. The alkalic
basalts suggest an extensional tectonic environment (Schwartz
and Hon, 1983; Schwartz et al., 1984) that may have eventually
led to the development of a deep and widespread basin (back arc
?) in which the Devonian flysch was deposited.
Although it is widely perceived that the Siluro-Devonian
basins in New England and Maritime Canada are everywhere
"post-Taconian" and possibly even "post-closure" of lapetus, I
consider it likely that some of the deeper and more widespread

of these basins began in the Middle Ordovician. This is probably
especially true of the basins that contain thick, deep-water Early
Silurian flysch sequences such as the Kearsarge-central Maine
basin and the Depot Mountain-Cabano basin. Therefore, while
allochthons of the Taconian foreland were advancing over the
North American continental margin in the Middle Ordovician,
deep-water basins were present in outboard locations within an
arc-basin complex or beyond the arc on oceanic crust. Along
and southeast of the Taconian suture, some of these basins
continued during the tectonically more stable Early Silurian and
were later affected by diachronous tectonic instability beginning
in the Late Silurian and continuing through the Acadian orogeny
(Roy, l980b; Bradley, 1984).
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ABSTRACT
The Lower Devonian Carrabassett Formation in north-central Maine is a complex assemblage of metasedimentary rocks composed of chaotic and fine-grained turbidite deposits. Detailed measured sections provide the basis
for recognizing several distinctive lithofacies within the Carrabassett Formation, which are organized into locally
mappable units referred to as facies associations. In order of decreasing abundance these are the (1) chaotic, (2)
thin-bedded turbidite, (3) pelitic(?), (4) thick-bedded turbidite, and (5) massive sandstone facies associations. Facies
associations in the study area are laterally discontinuous on the scale of kilometers or less, and hence it is not
surprising that they should fail to correlate one-for-one with the four members of the Carrabassett Formation at its
type area, 100 km to the southwest. The chaotic facies association, locally comparable to the type 1 melange of
Cowan (1985), was found to comprise over 50% of the Carrabassett Formation in a reconnaissance survey of nine
15' quadrangles.
The Carrabassett Formation, the youngest, widespread pre-Acadian unit in the low-grade sector of the
Kearsarge-central Maine synclinorium, was being deposited during the demise of a long-lived, deep-water basin.
Facies analysis, paleocurrent data, and regional relations together permit the interpretation that the Carrabassett
Formation was deposited in a northwest-migrating inner trench slope during the initial stages of Acadian collision.
Local slope basins were filled by mud-dominated debris aprons that were traversed by submarine channels.
NW-directed thrust faulting continually produced and regenerated steep slopes, whose episodic failure resulted in
olistostromes with both extensional and contractional soft-sediment deformation fabrics.

INTRODUCTION
The Lower Devonian Carrabassett Formation is the
youn gest widespread formation exposed in the Kearsarge-

central Maine synclinorium in Maine. It was originally broken
out from the Seboomook Formation in the Little Bigelow Moun-
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tain 15' quadrangle by Boone (1973), who described it as a
succession of metapelites and metasandstones. In the type area,
even the most basic sedimentological observations were
hampered by intense Acadian deformation and metamorphism.
Consequently, the Carrabassett Formation contributed few
details to studies of Lower Devonian paleogeography, prior to
the inception of Hanson's studies in the early 1980's (Hanson,
1983).
This paper describes results of detailed facies investigations
of the Carrabassett Formation along strike to the northeast of the
type area, where the effects of Acadian tectonism are far less
intense, and where primary sedimentary features are well
preserved. Here, the formation can be recognized as an assemblage of metamorphosed turbidites, petites, and olistostromes, the latter comprising as much as 50 to 100% of
exposed sections. Facies mapping, paleocurrent analysis, and
regional relations together permit the interpretation that the
Carrabassett Formation was deposited in a northwest-migrating
slope and foredeep(?) environment during the initial stages of
Acadian collision.

GEOLOGIC SETTING
The Carrabassett Formation is exposed in a northeast-trending belt that includes portions of the western limb of the Kearsarge-central Maine synclinorium (Lyons et al., 1982) and the
eastern flank of the Piscataquis magmatic belt (Fig. 1). The
Kearsarge-central Maine synclinorium is a 50 to 100 km-wide
belt of Upper Ordovician(?) through Lower Devonian(?) marine
strata that extends nearly 500 km from Connecticut to northcentral Maine. An enduring controversy in Acadian tectonics
centers on whether or not the Kearsarge-central Maine
synclinorium was the site of a pre-Acadian ocean basin that
closed by subduction prior to an Acadian collision. Direct
evidence is Jacking, because the polydeformed metasedimentary
fill of the Kearsarge-central Maine synclinorium is nowhere
known to be attached to depositional basement, nor are obducted
basement rocks known to exist. What can be established is that
deep-water (i.e. below wave base) conditions and rapid rates of
sediment accumulation persisted from about Upper Ordovician
to Lower Devonian times. Because it was deposited just before
or during the transition from sedimentation to orogeny, the
Carrabassett Formation is a key to deciphering early Acaclian
conditions.
The northwestern margin of the Kearsarge-central Maine
synclinorium is flanked by pre-Silurian continental basement
which is locally overlain or intruded by Upper Silurian through
Medial Devonian volcanic and plutonic rocks: the Piscataquis
volcanic belt of Rankin (1968) and the comagmatic Greenville
plutonic belt of Hon ( 1980). The term Piscataquis magmatic belt
is used here to include both volcanic and intrusive rocks.
Geochemical studies suggest a subduction origin for at least the
Devonian igneous rocks (e.g. Hon and Roy, 1981), but these
results do not bear on the question of subduction polarity. One

102

o

•

~

F:::'l
L:::.:J

D

50 km

Siluro - Devonian volcan ic rocks
Devonian and Carboniferous plutonic rocks

Upper Ordovician through Devonian sedimentary
and metasedimentary rocks

Older rocks

CVGS

Connecticut Valley -Gaspe synclinorium

PMB

Piscataquis magmat ic belt

KCMS

Kearsarge-central Maine synclinorium

CM B

Coastal magmatic belt

Figure 1. Generalized geologic map of Maine showing the distribution
of Siluro-Devonian volcanic rocks, Devonian and Carboniferous
plutonic rocks, Upper Ordovician through Devonian sedimentary and
metasedimentary rocks, and older rocks. The coastal magmatic belt is
roughly coextensive with the composite Avalon Terrane. The Kearsarge-central Maine synclinorium is roughly equivalent to the Merrimack synclinorium of Billings (1956), and the Merrimack trough as
used by Bradley (1983; but cf. Lyons et al., 1982). Boxed area in central
Maine shows location of Figure 2.

possibility is that a Piscataquis magmatic arc formed above a
northwest-dipping subduction zone where oceanic basement of
the Kearsarge-central Maine synclinorium was consumed (e.g.
McKerrow and Ziegler, 1971; Hon and Roy, 1981; Bradley,
1983). Alternatively, Hon (pers. commun., 1987) has suggested
that the arc formed above a southeast-dipping subduction zone

Lower Devonian Carrabassett Formation
associated with destruction of oceanic crust in the Connecticut
Valley-Gaspe synclinorium.
The Kearsarge-central Maine synclinorium is flanked on the
southeast by Precambrian continental basement of the composite
Avalon Terrane. Thick accumulations of Silurian and Lower
Devonian volcanic rocks occur here in a belt that extends from
Massachusetts to Nova Scotia. l Gates ( 1969) referred to this
tract as the coastal volcanic belt; here we call it the coastal
magmatic belt and include cogenetic intrusive rocks.] The coastal magmatic belt has been interpreted by several workers in
terms of a sou theast-dipping subduction zone along the
sout h eas te rn margin of the Kearsarge-central Ma ine
synclinorium (e.g. McKerrow a nd Ziegler, 197 1; Osberg, 1978;
Rodgers, 1981; Bradley, 1983). On the other hand, Gates and
Moench {1981) have attributed the magmatism to lithospheric
extension.
Results of the present study do not bear concl usively on the
alternative tectonic interpretations of the Kearsarge-central
Maine synclinorium, Piscataquis or coastal magmatic belts, nor
on the larger controversy surrounding the nature of the Acadian
orogeny as a whole. However, our results are consistent with an
Acadia n tectonic model developed by Bradley ( 1983) from ideas
of McKerrow and Ziegler ( 197 1). Tectonic implications are
discussed in the concluding section.

AREA OF STUDY
This paper summarizes the results of reconnaissance (Fig.
2) and detailed (Fig. 3) mapping and section measuring in
1983-87 by Hanson (Hanson, 1988) and 1985-86 by Bradley.
Hanson mapped the Jo-Mary Mountain and portions of the
Norcross 15 ' quadrangles on contract with the Maine Geolog ical
Survey; related reconnaissance covered parts of the Millinocket,
Sebec, Sebec Lake, and Greenville quadrangles. Key exposures
were also studied (by Bradley and Hanson) in the Anson,
Kingsbury, Rangeley, Phillips, and Little Bigelow Mountain
quadrangles.
Most of the area of Figure 2 was subject to tight to isoclinal
folding and greensc hist-faci es me tamorphis m during the
Acadian orogeny, making detailed sedimentological studies difficu lt, but not impossible. In contrast, the area of Figure 3 lies
within the contact aureole of the Moxie and Katahdin plutons
(c.f. Fig. 2). Here the effects of regional deformation and
metamorphism were substantially less (folds are open and tectoni c foliations are subdued or absent), and primary sedimentary
and soft-sedim e nt deformation structures are beautifully
preserved.
These observations suggest that contact metamorphism
preceded regional deformation and metamorphism. Thin sections of spotted slates from the outer portion of the contact
aureol e (location 10, Fig. 3) support this order of events. Foliation, defined by the preferred orientation of micas, overgrows
and is deformed aro und well-preserved andalu site a nd

retrograded cordierite porphyroblasts; there is no evidence of an
older foliation in the porphyroblasts.
Thus, the hornfels offers a unique opportunity to study rocks
which were frozen in time and not subjected to major Acadian
overprinting. These rocks should be particularly useful in unraveling the sedimentary and tectonic environments th at
preceded the culmination of the Acadian orogeny.

STRATIGRAPHY
Most formations in the area of Figures 2 and 3 have been
previously described in western and centra l Maine (Osberg et al.,
1968; Boone 1973; Pankiwskyj et al., 1976; Moench et al.,
1982). The oldest exposed strata (Fig. 4) are Lower Silurian
sandstone and slates, which have been mapped as the Allsbury
Formation (Ekren and Frischknecht, 1967; Neuman, 1967; Roy,
1981 ), and which have been correlated with the Sangerville
Formation (Roy e t al., 1983; Hill and Roy, 1985). The Allsbury
Formation is overlain by an unnamed ru sty-weathering unit of
thin-bedded turbidites of metapelite and metasandstone. This
unnamed assemblage has been assigned to the Smalls Falls
Formation on the basis of stratigraphic position and lithology.
Feldspathic, locally calcareous, and sandstone-rich metaturbidites overlie the Smalls Falls Formation and are assigned to
the Madrid Formation. Metamorphosed chaotic strata and finegrained turbidites overlying the Madrid Formation are assigned
to the Carrabassett Formation. This contact is clearly gradational at good exposures in the Anson and Kingsbury quadrangles
(Fig . 2). Howe ve r, on the northern slope of White Cap Mountain
(Fig. 2), the Madrid Formation is abruptly overlain by a thick
package of pelitic olistostrome marking the base of the Carrabassett Formation. While the present paper is mainly concerned
with the Carrabassett Formation, the sedimentology of the
Madrid Formation is also germane to the tectonic interpretation
and is briefly discussed in the Appendix.
Rocks younger than the Carrabassett Formation, tentatively
correlated with the Hildreths Formation (Osberg et al., 1968),
and the Seboomook Formation of Boucot ( 1961 ; but see Boone,
1973), occur locally in the Jo-Mary Mountain quadrangle (Hanson and Sauchuk, 1986; Hanson, 1988).
The Carrabassett Formation is generally assigned to the
Lower Devonian, based on poor fossil control and stratigraphic
position with respect to other units of known or inferred age.
Espenshade and Boudette ( 1967) reported poorly preserved
plant fragme nts from three localities in the Greenville quadrangle, and poorly preserved brachiopods (Howellel/a or
Acrospirifer) from one locality in the Sebec Lake quadrangle.
These fossils permit a Lower Devonian age, but do not require
it. Also suggesting a Lower Devonian age, the Carrabassett
Formation gradationally overlies the unfossiliferous Madrid
Formation, which in tum overlies the fossiliferous (Ludlovian,
Upper Silurian) Smalls Falls Formation (Ludman, 1976). Finally, the Carrabassett Formation resembles fossilifero us Lower
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Figure 2. Geologic map of the reconnaissance study area (modified from Osberg et al., 1985). Letters indicate the follow ing localities
referred to in text: A = Arnolds Landing; BF = Barrows Falls on East Branch Piscatiquis River; KS = Kingsbury Stream; BS = Big
Squaw Mountain; LS= Little Squaw Mountain; B = Barren Mountain; LWS = Little Wilson Stream; BWS =Big Wilson Stream;
WC = White Cap Mountain region, including Little Spruce Mountain; J =Jo-Mary Mountain; SM = Saddleback Mountain; W =Big
and Little Wilkie Mountains; R = Ragged Mountain; H =Hammond Ridge; SD = Stone Dam o n West Branch Penobscot River. The
location of Figure 3 is shown on the quadrangle index.

Devonian strata of the Seboomook Group in the Moose River
synclinorium.
The thickness of the Carrabassett Formation is impossible
to measure accurately. In the area of Figure 3, we estimate its
thickness at about 2000 m; Espenshade and Boudette estimated
a thickness of about 1400 to 1750 m in the Greenville quadrangle.
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SEDIMENTARY FACIES OF THE CARRABASSETT
FORMATION
Classification Scheme
The term facies has a wide range of meanings and interpretations to sedimentologists (e.g. Moore, 1949; Reading, 1986;

Lower Devonian Carrabassett Formation

Figure 3. Geologic map of the East Branch Pleasant River and Saddleback Mountain, mapped by Hanson ( 1988). Numbers refer
to locations discussed in text: 1 and 2 =exposures of the massive sandstone facies assemblage along the East Branch Pleasant River;
3 = Gauntlet Falls; 4 = Mud Gauntlet Falls; 5-9 = locally continuo us exposures of the turbidite facies assemblage on Saddleback
Mountain; I 0 =spotted slates on the perimeter of the contact aureole; 11 =Horseshoe Falls. See Table 3 for explanation of geologic
labels.

Anderton, 1985). A hierarchy of facies (Table I) was developed
by Hanson ( 1988) to facilitate mapping of the low and mediumgrade, metamorphosed, turbidite-bearing formations in Maine.
The primary focus of this paper is on the identification and
interpretation of the lithofacies and descriptive facies associations of the Carrabassett Formation (Tables 2 and 3).
A lithofacies, at the base of the hierarchy, is a sing le bed or
sequence of similar beds (Table 2) characterized by composition
(e.g. sandstone-to-shale ratios), bed thickness and geometry, and
sedimentary structures (e.g. presence of Bouma divisions). The
lithofacies classification scheme used here is modified from
Mutti and Ricci Lucchi ( 1972, 1975) and Walker and Multi
( 1973), for turbidites and related deep-water sedimentary rocks.
This lithofacies classification scheme should be equally applicable to the many other fine-grained, turbidite-dominated
metasedimentary formations of the northern Appalachians. [The
lithofacies classes are not to be confused with Bouma 's (1962)
divisions of individual turbidite beds based on sedimentary
structures, which are denoted Ta through Te.]
Afacies association is a sedime ntary package ofjuxtaposed
lithofacies. Facies associations can be largely descriptive (e.g.

TABLE I. HIERARCHY OF FACIES CLASSES
(modified from Hanson, 1988). A more detailed description of lithofacies and
facies associations found in the Carrabassen and adjacent fonnations is presented
in Tables 2 and 3. Asterisks mark facies classes discussed in this paper.

Magnafacies: A regionally extensive. time transgressive package fonned within
a single tectonostratigraphic basin or system. Possibly correlative with group.
Facies assemblage: A lithologically distinct package of facies associations. Most assemblages arc related to a single stratigraphic level and are
therefore correlative with fonnations.
*Descriptive facies association: Lithologically distinct, mappable packages composed of one or a number of associated
lithofacies. Generally smaller than the scale of a fonnation and
not restricted to a single stratigraphic position. May be correlative with member.
Facies categories and associated *lithofacies: A lithofacies is a
descriptive tenn defined by the internal characteristics of an
individual stratum. Categories are subjective groupings of facies
used to facilitate discussion (e.g. turbidite and related fac ies).
*Subfacies: Subdivision of facies based on smal l scale
differences.
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TABLE 2. SANDSTONE AND SILTSTONE-RICH TURBIDITE AND
RELATED LITHOFACIES
(adapted and modified from Mutti and Ricci Lucchi. I972; Walker and Mutti,
1973; and Muni and Ricci Lucchi , 1975; summarized by Nilsen, 1984). Additions and modifications include subfacies E1 and E2, and addition of the facie s
H, M. and L.
Facies A

Conglomeratic facies

Facies B Arenaceous facies
Description Laterally pinching, thick-bedded, medium-fine to coarse. grained, massive or laminated sandstone.
Facies C Arenaceous-pelitic facies
Description lnterbedded sandstone and peiite: Ta-c,Tab. Ta-de common. Sandstone-to-peiite ratio (>>9.5: I).
Facies D Pelitic-arenaceous facies I
Description lnterbedded pelite and sandstone: Ta or Ta-Tb Bouma
divisions missing.
(Mutti and Ricci Lucchi, 1975)
Subfacies
sandstone(siltstone): pelite >I
D1
sandstone(siltstone): pelite < I
D2
Facies H

(defined here) Uniformly graded,varve-like strata. Beds range from

a few mm to over half a meter in thickness and occur in sets of 2 to 12 beds.
Facies E Pelitic-arenaceous facies II
Description Thin-bedded sandstone and pel ite. Sandstones contain
flat, sharp bases and wavy tops.
Subfacies
(defined here)
Medium to coarse-grained sandstones; sandstone to pelite
E1
ratio is I: I or greater. Top and bottom contacts are sharp
and ungraded.
Medium to fine -grained sandstone; sandstone-to-pelite
ratio is variable; ripple tops may be graded and contain
pelite laminae that thicken toward troughs.
PELITIC FACIES (defined here)
Facies M Uniform structureless (massive or graded) pelite.
Descriptio11 Predominantly massive, structureless pelite. Small silty
pseudonodules and discontinuous, wispy, silt laminae
may be present.
Facies L Laminated pelite.
Descriptio11 Pelite with parallel, convolute or rippled laminae of silt
or fine sand.
DISRUPTED FACIES
Facies F Chaotic facies
Descriptio11 Mildly to highly dis rupted or mixed strata.
Subfacies (defined here)
F1
Chaotic facies with extraformational clasts (e.g. quartz
pebbles, greenstone, carbonate, etc.)
F1
Intrafom1ational chaotic facies (sandstone and pelite only)
Subdivisions of Subfacies Fi
F1. 1
Mildly extended chaotic facies
Moderately disrupted chaotic facies
F1.2
F1.3
Highly disrupted - foliated (by soft-sediment deformation) chaotic facies
F2-4
Highly disrupted - nonfoliated chaotic facies

TABLE 3. DESCRIPTIVE FACIES ASSOCIATIONS OF THE
CARRABASSETT FORMATION.
Sandstone (siltstone)-rich turbidite associations
B
Massive sandstone association (facies Band/or C dominant)
T1 Thick-bedded turbidite association (facies C, D, and Fare volumetrically most abundant)
T1 Thin-bedded turbiditc association (facics D, E. L, and Fare volumetrically most abundant)
T
Undifferentiated turbiditc association (C, D, E, L, and F present)
Other associations
F
Chaotic assemblage (chaotic facies dominant)
P
Pelitic assemblage (Land M dominant)
The above letter codes can be used in conjunction with fomrntion codes (e.g.
DcB , DcT, and DcF) in order to designate mappable units.

thick-bedded turbidite association) as emphasized here (Table
3), or interpretive (e.g. basin plain, outer-fan lobe, inner-fan
channel, or slope association). Descriptive facies associations
can be readily employed in reconnaissance mapping; however,
the detail necessary to accurately map interpretive facies associations is commonly not obtainable in the Siluro-Devonian
metasedimentary rocks of Maine. In the Jo-Mary Mountain
quadrangle, certain descriptive facies associations in the Carrabassett Formation can be discussed in terms of more interpretive associations because such details as lateral continuity and
vertical sequences can be locally mapped.

Lithofacies of the Carrabassett Formation
The lithofacies of Carrabassett Fonnation are summarized
in Table 2 and are discussed below in detail. Lithofacies A, B,
C, D, E, F, L, M, and Hare recognized, and several are further
subdivided. Facies A (arenaceous-conglomeratic facies) is
abundant elsewhere in the Kearsarge-central Maine
synclinorium (e.g. in the type area of the Rangeley Formation),
but is extremely rare in the Carrabassett Formation, and is not
described below.
Facies B (Arenaceous Facies). This facies is characterized
by massive sandstones that cannot be readily described using the
Bouma divisions. Walker and Mutti ( 1973) divided this facies
into B 1 (massive sandstones with dish structures) and B2
(without dish structures). In the Carrabassett Formation, facies
B sandstones are structureless or contain parallel or convolute
laminae; dish structures are relatively rare. Grading is common
and interbedded pelite is generally absent or thin and discontinuous. Individual sandstone beds are commonly 30 to 100 cm
thick, and average approximately 50 cm. Amalgamated
sandstones may contain up to 5 beds and rarely exceed a few
meters in total thickness. Sandstones are generally fine to
medium-grained; coarse-grained sandstones are rare in the Carrabassett Formation. Beds typically thin laterally, and basal
scour and tool marks are rare to locally abundant (Fig. 5).
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Figure 5. Facies B exposed on Big Wilson Stream, Sebec quadrangle.
The large bed in the foreground is about I meter thick and thins along
strike. Large flutes are visible on the base of the overlying amalgamated
sandstone (on left).

--

ta

-...:..

c
40
cm

b

ta-c

Figure 7. Facies D. (a) Facies 0 1 shown here is composed of a series
ofTb-c Bouma sequences. Note the high sandstone-to-petite ratio. (b)
Facies 0 2 contains lower sandstone-to-petite ratios (<l) and Bouma
sequences Tc-e and T d -e are more abundant.

a

Figure 6. Facies C, containing two amalgamated sandstone beds.
Bouma sequences Ta-c (lower bed) and Ta (upper bed), illustrated here,
are sequences commonly seen in facies C.

Facies C (Arenaceous-Pelitic Facies). Fac ies C strata can
readily be described in terms of the Bouma ( 1962) sequence.
The complete sequence (e.g. Ta-Te) and top-cut-out sequences
(e.g. Ta-b, Tb-c, Ta-c, Fig. 6) are included in this facies. Bottoms
of beds are generally sharp and flat, although flutes and tool
ma rks may be present. Facies C be ds are generally well graded
from the base upward. Beds a re laterally more continuous than
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fac ies B strata. Fine- to medium-grained sandstone is most
common in the Carrabassett Formation.
Thick-bedded sandstones in poor expos ures are bes t
categorized as facies BC.
Facies D (Pelitic-Arenaceous Facies /). Facies 0 al so can
be described in terms of Bouma divisions, but lacks the massive
sandstone (Ta) division. Mutti and Ricci Lucchi ( 1972) recognized three subdivisions of facies D on the basis of sandstoneto-pelite ratios, bedding thic kness and occurrence of specific
Bouma divi sions (Fig. 7). Facies 01 consi sts of Bouma T b-e,
Tc-c, and T de divisions, and has a sandstone-to-pelite ratio greater
than I. Fac ies 02 is comparable , but has a sandstone-to-pe lite
ratio less than I. Fac ies 0 3 has been reassigned in the present
classification to pelitic facies Land M (see below).
Facies E (Pelitic-Arenaceous Facies II). Facies E is
similar to facies 0 2, but diffe rs in bedding geometry. Sandstone
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Figure 8. Facies Ez and B exposed on Big Wilson Stream. Facies Ez
(left) contains rippled sandstone beds with wavy tops and sharp, flat
bases. Beds pinch out laterally.

beds are thin-bedded, tend to pinch out laterally, and are characterized by wavy ripples with sharp, flat bases; climbing ripples
are locally present, but often difficult to recognize (Fig. 8).
Facies E has been interpreted as an important constituent of
channel margin associations (Mutti and Ricci Lucchi, 1972;
Clifton, 1981). Although this facies was originally defined as
poorly graded, coarse-grained, and sandstone rich, these distinguishing criteria have not been strictly adhered to in its identification (cf. Howell and Joyce, 198 I; Graham and Ingersoll,
1981; Ingersoll, 1981; Ingersoll and Graham, I 981; Nilsen et al.,
1981 ; Walker, 1985; and Nelson et al., 1977). Fine-grained and
pelite-rich facies E strata also occur and reflect either a relative
lack in the availability of coarserclastics, or overbank deposition
from deeply incised channels that are not easily overtopped by
coarse sediment. Facies E has therefore been divided here into
two subfacies:
Facies E1 corresponds to facies E as originally described by
Mutti and Ricci Lucchi ( 1972). Beds are most commonly
medium to coarse sandstone, but may include granule conglomerates. Grading is generally poor, tops of sandstone beds
are sharp, and sandstone-to-pelite ratios are commonly high.
Facies E2 is finer-grained. Beds are 2-30 cm thick , and vary
from coarse si ltstone through medium-grained sandstone (<l to
I 0 cm thick), interbedded with thin (<I cm) to relatively thick
(I 0-30 cm) beds of pelite. Ripple-foresets commonly contain
abundant pelite laminae which thicken toward the trough.
Facies E2 may have a greater lateral continuity than facies E 1,
and a broader range of interpretations. Sandstone content is
variable, ranging from approximately IO to 80 percent. Facies
E1 is extremely rare in the field area; however facies E2 is locally
common and may be laterally associated with more mud-rich
and sand-deficient turbidite flows.

Facies E, as defined by Mutti and Ricci Lucchi and discussed here, differs from the mud turbidite facies (E1, E2, EJ) of
Piper (1978) and Stow and Piper (1984); the latter are pelitic
facies G , discussed later.
Facies F (Chaotic Facies). The chaotic facies as used by
Mutti and Ricci Lucchi (1972) refers primarily to resedimented
strata such as debris flow, slump, and slide deposits. However,
chaotic fabrics may also result from soft-sediment deformation
produced by mud diapirism or penecontemporaneous faulting.
Chaotic facies having a block-in-matrix texture that can clearly
be assigned to sedimentary processes are referred to here as
olistostrome. Facies F in the Carrabassett Formation is most
commonly characterized by intraformational clasts of siltstone
and/or sandstone, set in a pelitic matrix. Extraformational clasts
have been observed, but are extremely rare.
The degree of disruption, and the style of deformation
associated with disruption (extensional versus contractional, or
both), are highly variable and prove to be a useful basis for
subdivision of facies F. The preliminary classification listed in
Table 2 is based largely on the degree of stratal disruption. The
term "fragment foliation" (Cowan, 1985) is used in reference to
a premetamorphic foliation. In olistostromes, such foliation can
be developed from layer-parallel extension (Cowan, 1982, 1985)
induced by mass-sediment-gravity flow. At one extreme, competent beds of one or more facies described here (e.g. facies L
and D, Table 2) are cut by minor extension fractures (F2-1). In
more extreme cases, bedding is still recognizable and individual
horizons traceable, but strata are chaotically folded and may
contain local boudinage (F2-2). In still more extreme cases,
bedding is entirely transposed, and thin sandstone beds form
parallel bands of phacoidal clasts that are entirely surrounded by
pelitic matrix (F2-J). These clasts form a well defined fragment
foliation. The term type I melange (Cowan, 1985) has been
e mployed to describe the block-in-matrix character of subfaci es
F2-3 and subfacies F2-4 (Fig. 9).
Evidence of contractional deformation is common in facies
F of the Carrabassett Formation. The fragment foliation of
subfacies F2-3, and the less deformed strata of subfacies F2-2 are
typically folded or cut by contractional faults. The folded fragment foliation is characteristically oriented at an angle to the
undisturbed overlying strata. Complex fold inte rference patterns are commonly present and may be explained by differential
motion down-slope or penecontemporaneous refolding by subsequent slumps or flows (Tobi sch, 1984 ). Disharrnonic, mesoscale slump folding in the Carrabassett Fomrntion tends to
produce distinctive hummocky outcrops (Fig. 10).
In rocks classified as facies F, deformation is largely inferred
to result from sediment gravity flow, with extensional deformation occurring in the breakaway zone of the slump, and contractional deformation occurring at the toe. However, in many
exposures, other mechanisms such as diapirism, syndepositional
faulting, or tectonic deformation cannot be ruled out. Indeed,
recent studies of accretionary prisms have suggested that processes of soft-sediment and tectonic deformation merge impercep-
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Figure 9. Chaotic facies of the Carrabassett Formation. Figures a-c are
in homfels exposed in the Jo-Mary Mountain and Norcross quadrangles.
(a) Foliated chaotic facies. Sandstone beds are thoroughly broken, and
phacoidal clasts form a distinct fragment foliation. (b) Chaotic facies
lacking fragment foliation contains irregular blocks, which are isolated
within a homogeneous, pelitic matrix. (c) Large clast (olistolith) of
facies Hin chaotic facies exposed at Gauntlet Falls (Fig. 3, Joe. 3). (d)
Enlargement of boxed area in central region of (c). (e) Olistostrome
showing folded fragment foliation. This outcrop, located outside the
homfels zone (Barrows Falls, Kingsbury quadrangle), contains softsediment deformation fabrics overprinted by tectonic foliation (Fig. 2,
BF).

tibly near the sediment-water interface, and that efforts to discriminate between the two in the ancient record may often prove
futile. Where chaotic facies are stratabound within a succession
of undisturbed turbidites, an interpretation based on submarine
sliding is warranted. Similarly, a soft-sediment origin is likely
for folds that are disharmonic, and whose axial surfaces are
strongly transected by tectonic foliations.
Facies Land M (Massive and Laminated Pelitic Facies).
Several elaborate classification schemes, with as few as two to
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Figure I0. (a) Outcrop expression of facies Fin homfels along the East
Branch Pleasant River. The folded fragment foliation influences the
mechanical weathering properties of the homfels, which forms rounded,
hummocky ridges. (b) Interpretive sketch of outcrop in (a).

as many as eight subdivisions, have been proposed for finegrained turbidites and hemipelagic sediments (see review by
Stow and Piper, 1984). All authors agree that there is a characteristic succession of sedimentary structures produced by mudr ich turbidity currents and subsequent hemipe lagic
sedimentation (see also Banerjee, 1977; Lowe, 1982; and Carey
and Roy, 1985). In the metasedimentary terrane of north-central
Maine, two pelitic facies, (facies Land M) are generally recognizable (where present), despite significant variation in preservation of o riginal sedimentary features.
Facies L (new name) is a laminated pe litc characterized by
a number of small scale sedimentary features, corresponding to
divisions To thro ugh Ts of Stow and Shanmugan ( 1980) and
facies E 1 of Piper ( 1978). These featu res include a variety of silt
laminae, beginning with a relatively thick (up to 10 mm) silt layer
with fading ripples (Fig. I I) and sequentially followed by lenticular, convolute, thin-irregular, thin-regular, indistinct, and
wispy laminae. The entire sequence and most of the siIt laminae
display positive grading.

Figure 11. Facies L, a relatively sandstone-rich, laminated pelite. Basal
siltstones and fined-sandstones conrain ripples and pelite, and grade
upward into pelite wirh siltstone laminae. Al least four sequences, each
inferred to have been deposired by a single rurbidity flow, are shown
here. The structures in each sequence correspond to the To-T3 divisions
of Stow and Shanmugan ( 1980) and are inrerpreted as being deposited
from high-energy, fine-grained turbidity flows.

Facies M (new name): The laminated-pet ite facies may
grade into the massive-petite facies, containing a sequence of
graded and ungraded petite (T6 and T1 of Stow and Shanmugan,
1980; E2 and E3 of Piper, 1978). Silt lenses and si lt pseudonodules occur locally within the massive petite. Thjs facies is
thought to be comparable to the unifites of Blanpied and Stanley
( 1981 ), although other interpretation s are possible (e.g.
hemipelagic deposits or homogenites of Cita et al ., 1982).
Deposition of pelitic facies has been related to thick, low
velocity, mud-rich turbidity currents and hemipelagic settling
(Stow and Shanmugan, 1980; Piper 1972, 1978; Stow and
Bowen, 1976, 1980). The laminated-pelite facies, deposited
from relatively high-energy turbidity flows, has been interpreted
as channel margin overbank deposits within a mud-rich and
sand-starved system (Slatt and Thompson, 1985). Massive
pelite, deposited either from the low energy tail of a turbidity
flow or hemipelagic settling, is suggestive of basin-plain or
inrerchannel sedimentation.
Facies H (Uniformly Graded Facies). Facies H (new
name) is composed of uniformly graded, varve-like strata lacking visible parallel or rippl e laminae (Fig. 12). Beds range from
a few millimeters to over half a meter in thickness and commonly
have sandstone-to-shale ratios greater than 6: I. This facies
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Figure 12. Facies H, consisting of fine-grained sandstone which grades
rapidly to pelite. Laminae and other structures are conspicuously absent, and beds occur in clusters. The section shown here is 7 cm thick.

commonly occurs in sets of 2 to 12 beds that separate thicker
sandstone beds (facies Dt, C or B).
The lack of laminae, high sandstone and siltstone content,
and excellent grading suggest that these beds were deposited
rapidly from suspension. Ponding of thin sand- or silt-rich
turbidity flows may be responsible for the deposition of facies
H; the sudden decrease in current motion would induce rapid
settling and the development of a varve-like bed. Alternatively,
these beds could be deposited from a single surging flow (e.g.
Lowe, 1982). Thinning-upward sequences would be expected
in such instances, reflecting the progressive decrease in surge
intensity.

Facies Associations of the Carrabassett Formation
Exposures along the East Branch Pleasant River and adjacent highlands demonstrate that distinct, mappable sedimentary packages exist within the Carrabassett Formation. These
packages are referred to here as descriptive facies associations.
Boone ( 1973) recognized three 1ithologic packages within the
Carrabassett Formation that presently have member status; the
(I) massive metapelite member, (2) thinly layered schist member, and (3) quartzwacke member. These members can be related to one or more of the descriptive facies associations listed
in Table 3. The facies associations of the Carrabassett Formation
are discussed below in estimated order of abundance.
Chaotic Facies Association (DcF). Although facies F has
been encountered in nearly all facies associations of the Carrabassett Formation, particularly large areas are dominated by
the facies (e.g. Little Squaw Mountain, Barren Mountain, Big
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Wilson Cliffs near Big Wilson Stream, White Cap Mountain,
Little Spruce Mountain, Ragged Mountain, Big and Little Wilkie
Mountains, and Hammond Ridge; Fig. 2). However, as much as
20 to 40 percent of the association may consist of interbeds
composed predominantly of facies L, M, D2 and Ez. Belts of
chaotic facies, with interbedded turbidites, are traceable for tens
of kilometers along strike across the area of Figure 2 and are not
confined to any one part of the Carrabassett belt. Many areas
presently mapped as the massive metapelite member (see Osberg
et al., 1985) are underlain by the chaotic facies association.
Hence, these deposits cannot be related to a single mass-wasting
event, but instead to numerous smaller events which must have
occurred repeatedly along the entire length of the basin.
Pelitic Facies Association (DcP). In the area of detailed
mapping, a mappable pelitic facies association has not been
encountered in the Carrabassett Formation. On close inspection,
most exposures of apparently massive pelite were found to be
chaotic strata. Although the chaotic strata are commonly composed of laminated pelites (e.g. Hammond Ridge) the designation of a distinct pelitic facies association has not been warranted
because they have been resedimented. However, the southwesterly-trending belt of structureless pelite that extends
through Brownville and Monson has not been studied in detail.
This belt appears to contain a thick pelitic facies association that
we have not encountered elsewhere in the Carrabassett Formation. Although rare in the Carrabassett Formation, thick pelitic
facies associations undisturbed by gravity flow dominate the
Seboomook Formation in the Jo-Mary Mountain quadrangle.
These pelitic facies associations are discussed in detail by Hanson ( 1988).
The massive metapelite member of the Carrabassett Formation (Boone, 1973) may encompass two facies associations: ( 1)
a pelite-rich chaotic facies association (cf. Vehrs, 1975); and (2)
a pelitic facies association(?) comparable to that encountered in
the Brownville-Monson slate belt.
Thin-Bedded Turbidite Facies Association (DcT2). With a
few exceptions (i.e. facies B and F) strata within thick-bedded
(next heading) and thin-bedded turbidite associations can be
described, bed-by-bed, in terms of the Bouma divisions.
Facies D, L, and Ez are the principle components of the
thin-bedded turbidite association. Beds containing Ta and Tb
divisions are rare, and amalgamation of these beds even less
common. Sandstone-to-shale ratios range between 4:6 and 8:2.
Beds are composed of base-cut-out Bouma sequences that are
generally less than 10 cm and average 5 cm in thickness. Interbeds of chaotic facies a few centimeters to several meters thick
are not uncommon. The thin-bedded turbidite association may
grade vertically and laterally into thick-bedded turbidite associations. However, the outcrop control is commonly too poor to
define the nature of this transition. The thinly layered schist
member of the Carrabassett Formation in the type area (Boone,
1973) is a thin-bedded turbidite facies association.
Interpretations of the thin-bedded turbidite association
could include deposition within a channel margin or levee,
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interchannel, or basi n plain environment. In the Carrabassett
Formation, the local abundance of facies E2, occurrence of facies
F, and association with thinning-upward sandstone packages
having locally discordant contacts (e.g. Fig. 8), are together
suggestive of deposition in channe l-margin/levee and interchannel environments. Channe l-margin/levee deposits grade laterally and vertically into inte rchannel deposits.
Thick-BeddedTurbi.dite Facies Association (DcT1). Thick
sandstone beds of facies B, C, and D1 characterize thi s turbidite
facies association. However, facies F and E2 are common associated facies, and are abundant in thin-bedded sequences that
a re interbedded with the thicker sandstone packages. Sandstone
thicknesses are usuall y 5-30 cm, but may range from I to over
100 cm. Some units mapped as the quartzwacke member of the
Carrabassett Formation are thick-bedded turbidite assoc iations.
Thick-bedded turbidite associations of the Carrabassett Formation are less than 200 m thick and characterized by thinningand fining-upward sequences. The thick-bedded sandstones and
associated thin-bedded facies can be related to channel axis and
channel margin deposition respecti vely. In contrast, the thickbedded turbidite associations e ncountered in the Madrid Formation appear to thicken upward and are more suggesti ve of
oute r-fan lobe deposits (see Appendix).
Massive Sandstone Facies Assocwtion (DcB). This facies
association is composed of massive, amalgamated sandstone
beds (facies Band C), with rare pelitic interbeds. Whe re exposed
along the East Branch Pleasant River (Fig. 3, locati ons I, 2, and
4), indi vidual beds generally cannot be distinguished , and vertica l sequen ces ha ve not been identified. The massive
metasandstone facies association is, in part, analogous to the
quartzwacke member of Boone ( 1973).
The stratigraphic position of this facies association within
the Carrabassett Formation is poorly understood in the study
area. In many instances the base of the unit is either fa ulted or
not ex posed. The upper contact is always abruptly overlain by
oli stostrome (facies F). Along strike the unit thins and disappears, where it is replaced by olistostrome. The massive
sandstone associat ion may be interpreted as either ( I) a channel
deposit within the Carrabassett Formation, or (2) slivers of
sandstone from the Madrid Formation transported along fa ults.
Whereas poor exposure greatly limits interpretation, the laterally
discontinuous geometry, a bundance of massive sandstone, and
association with chaotic facies is inconsistent with a slope c hannel origin.

PARTIAL MEASURED SECTIONS OF THE
CARRABASSETT FORMATION
O utcrops on the East Branch Pleasant Ri ver and adjacent
highlands form the most continuous and best ex posed section of
the Carrabassett Formation in the area of Figure 3. The turbidite
section between Gauntlet and Mud Gauntlet Falls was originally
identified as the Seboomook Formation (Hanson, 1983; Osberg

et al., 1985) because of its positioning on Carrabassett-like rocks
and resemblance to rocks identified as Seboomook Formation
by Boucot ( 1961 ; Northeast Carry Formation of Pollock, 1987)
at Seboomook Lake, and by Boone ( 1973) in the Little Bigelow
Mountain area. O n Saddlebac k Mountain, these turbidites
stratigraphically underlie, in apparent conformity, a thick package of chaotic facies very similar to that below the section at
Gauntlet Falls. Similar observations elsewhere (e.g. Little
Wilkie Mt., Horseshoe Falls - Fig. 3; Little Wil son Stream, and
Kingsbury Stream - Fig. 2) suggest that many Seboomook-like
rocks a re simpl y turbidite associations within the Carrabassett
Formation.

Gauntlet Falls Section, East Branch Pleasant River
The rocks exposed between Gauntlet Falls and Mud
Gauntlet Falls (locations 3 and 4 in Fig. 3) are part of a turbidite
assoc iation wh ich is locally thick-bedded. The turbidites form
a homoclinal sequence that dips gentl y 10°-30° to the south. A
generalized column is presented in Figure 13, and details are
shown in Figures 14 through 17.
The base of the sequence is draped over the hummocky
surface of a large olistostrome, part of an underlying chaotic
assoc iation with an estimated thickness of over IOOO meters.
The original bedding in the olistostrome (facies F) has been
thoroughly stretched and disrupted, forming an indistinct fragment foliation composed of irreg ular stringers and phacoidal
clasts of sandstone and siltstone. The foliation is disharmonically folded and is visible only on water-worn or weathered surfaces
where feldspathic silt and sand grai ns have been weathered to a
chalky white. Whe re surfaces are fresh, the olistostrome appears
massive, except for a few irregular blocks of bedded mate rial
surrounded by massive pelite. Directly overlying the olistostrome is a single discontinuous bed, 10-80 cm thick, of
medium-fine sandstone (facies B). The sandstone, and in many
areas the olistostrome itself, is overlain by a meter or more of
medium-bedded pelite separated by thin, wavy trains of nonclimbing ripples (facies E2; Fig. 14). The ripples have linear to
slightly sinuous, asymmetrical c rests which are approximate ly 2
mm high and have a mean spacing of 7 cm. Abundant paleocurrent indicators range from 325° to 360°, with a mean of 345°.
The section rapidly coarsens upward, interrupted episodically by thin olistostromes. Sandstones are fine to medium
grained . Thick, locall y amalgamated sandstones commonly lack
the upperTb-e orTc-e beds of the Bouma seque nce (Fig. 15) and
are assigned to facies BC. Facies B and . BC packages are
commonly interbedded with a series of non-la minated graded
beds (facies H). The thick sandstone sectio n, which is composed
of a series of thinning upward cycles, passes up-section into a
thin-bedded turbidite association (Figs. 16, 17) tha t is truncated
by the Mud Gauntlet fault.
The Gauntlet Falls section is interpreted here as channel and
channel-margin deposits. The facies Ei strata at the base of the
association may represent overbank sediments deposited when
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Figure 14. Base of Gauntlet Falls turbidite section. (a-b) A locally thin section of facies E2 (Section GI) covers the irregular surface
of olistostrome exposed at Gauntlet Fall s (Joe. 4, Fig. 3).

the channel ax is was farther to the southeast. Location and
subsequent abandonment of the c hannel in the Gauntlet Falls
region is supported by the observed thinning- and fining-upward
vertical sequences.

Saddleback Mountain
The turbidite facies association at Gauntlet Falls has been
traced westward to the southern end of Saddleback Mountain.
Measured sections (at locations 5-9 in Fig. 3; Hanson, 1988)
from the northern and so uthern slopes of the mountain suggest
that a lateral fac ies c hange from predominantly thick- to thinbedded turbidites occurs along strike toward the west. In addition, inte rbedded oli stostromes become thicker and more
abundant. The thin- and thick-bedded turbidites on Saddleback
Mountain and Gauntlet Falls are shown here as single turbidite
association (DcT, Fig. 3).

PALEOCURRENT DATA
A number of workers have embraced the concept of a major
reversal in sediment transport direction within the Kearsargecentral Maine synclinorium during the Late Silurian or Early
Devonian. According to this hypothesis, the Ordovician and
main Silurian part of the Kearsarge-central Maine synclinorium
succession (e.g. Quimby, Greenvale Cove, Rangeley, Sangerville, and Perry Mountain Formations) were de rived from the
northwest. On the other hand, Devoni an rocks in the Kearsargecentral Maine synclinorium are generally believed to have been
derived from the opposite direction (i.e. from the southeast or
east). It should be noted that the above interpretation is based
on reconstructed lateral fac ies re lationships, rather than quantitative paleocurrent data.
As part of a detailed paleoflow study still in progress, we
have measured paleocurrent directions from several Carrabassett

and Madrid Formation exposures in the area of Figure 2.
Predominantly west-directed paleoflows, ranging from 190° to
020°, establish a genera ll y eastern source a nd gene rall y
westward sediment transport, albeit wi th sign ificant local variation (Hanson, 1988).
These results suggest that the Madrid Formation belongs
wi th the upper, east-derived succession (as was suggested by
Roy e t al., 1983), leaving the Smalls Falls Formation as the most
probable transition unit. As shown in Figure 18, sedimentary
structures are extraordinaril y well preserved at several localities
(e.g. East Branch Pleasant River and Big Wilson Stream).

INTERPRETATION
Depositional Setting of the Carrabassett Formation
In this and the following section, we present evidence and
argume nts beari ng on our interpretation that the Carrabassett
Formation was deposited during the earliest stages of an Acadian
collision. We visualize deposition in an inner-trench slope e nvironment, which may have featured a number of small , tectonically controlled sub-basins (Fig . 19). This pre liminary model is
supported by the following observations and reasoning.
The Carrabassett Formation in the Context of Other
Siluro-Devonian Events. The Acadian orogeny brought about
the end of a 40 Ma episode of deep-water sedimentation in the
Kearsarge-central Maine synclinorium, during which a n estimated 8 km of sediment accumulated in water depths below
storm base. The orogeny coincided with the e nd o f volcanism
in the two magmatic belts which flank the Kearsarge-central
Maine synclinorium and resulted in extreme hori zontal shortening. T hese first-orde r observations are the basis for inte rpreting
the Acadian orogeny as a result of collision fo llowing subduction , by one or anothe r plate geome try. As the youngest
wi des pread formation in the Kearsa rge-ce ntral Maine
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Gauntlet Falls: Section G2
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Gauntlet Falls: Section G3
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Gauntlet Falls: Section 4
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Figure 18. Well preserved directional indicators record a westerly
sediment transport direction with significant local northerly and
southerly variations. (a) Current-formed ripples at Horseshoe Falls,
East Branch Pleasant River (Fig. 3, loc. 11). (b) Flute casts at Big
Wilson Stream (Fig. 2, BWS).

synclinorium, the Carrabassett Formation was deposited during
the critical transition period when a regime of deep-water
sedimentation gave way to a regime of tectonic deformation,
metamorphism, crustal thickening, and uplift. Therefore, we
believe that the Carrabassett Formation was deposited in a
convergent tectonic setting.
Inferences Based on Sedimentary Facies. The combination of chaotic, thin-bedded turbidite, and pelitic facies associations is characteristic of lower slope environments at bathyal to
abyssal depths. Within convergent plate boundary zones, two
lower slope environments are plausible: (I) the inner trench
slope of the accretionary prism and (2) the outer trench slope. In
the case of the Carrabassett Formation, the latter setting is
considered unlikely, owing to the scarcity of chaotic facies in
such outer trench slope units as the Utica Shale of the Taconic
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Figure 19. Depositional model for the Carrabassett and Madrid Formations. The Carrabassett Formation is interpreted as a package of inner
trench slope and basin deposits. Pelitic and thin-bedded turbidite facies
occupying slopes were subject to episodic failure. Thrusts bound local
slope basins occupied by debris aprons and small elongate "fans". The
entire depositional system was presumably transected by submarine
canyons and channels. This depositional model can accomodate
paleoflow directions with a dominant westerly component and strong
northerly or southerly variations, as are observed in the Carrabassett
Formation. The Madrid Formation is inferred to have been deposited
along the axis of the associated trench (foredeep). Axial sediment
transport was along strike toward the southwest.

foredeep, New York (Bradley and Kusky, 1986). We therefore
postulate that the Carrabassett Formation was deposited in an
inner trench slope, that is, along an accretionary prism. Presentday inner trench slopes are characterized by local, thrust
bounded slope basins and transverse submarine canyons, which
are superimposed upon a broader slope (e.g. Underwood and
Bachman, 1982, their Fig. 5). Facies associations of the Carrabassett Formation are comparable to those encountered in a
number of modem inner trench slope and basin settings (e.g.
Hellenic trench and Coriscan trough, Stanley and Maldonado,
1981; Stanley and Knight, 1979; and Stanley, 1980; inner slope
of the Timor trough, Karig et al., 1987; Eastern Aleutian trench
and slope, Piper et al., 1973).
The bathymetric profiles of accretionary prisms are continually steepened by contractional deformation. In the Car-
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rabassett Formation, evidence for layer-parallel extension can be
most readily interpreted in terms of slope failure, and repeated
interbedding of individual chaotic and turbidite facies requires
numerous mass-movement events. These could be related to
slope instability triggered by sedimentation or by earthquakes,
to oversteepening caused by thrusting, and/or to mass movement
of material extruded along emergent thrust faults (cf. Breen et
al., 1986)
Chaotic and thin-bedded turbidite facies assemblages in the
Carrabassetl Formation are interpreted as interchannel slope
deposits, deposited on slopes that were episodically failing as
described above. Thick-bedded, thinning-upward turbidite assemblages in the Carrabassett Formation are clearly channel
deposits. Many of these channel deposits, such as the Gauntlet
Falls section , traversed the slope. while others may have
developed on elongate "fans" occupying the axes of narrow slope
basins de veloped between thrusts (Fig. 19). The lack of coarse
channe l facies supports the concept of a broad, low-gradient,
multibasinal slope or a newly emergent mud-rich source area.
The highly di srupted chaotic facies and associated laminated
pel ite fades were deposited in lower slope, slope-basin, and base
of slope settings.
Clearly identifiable basin-plain assemblages dominated by
facies D (Mutti and Ricci Lucchi, 1972; Walker and Mutti, 1973)
appear to be lacking in the Carrabassett Formation, as are sanddominated, thickening-upward outer fan (Mutti and Ricci Lucchi, 1972) or suprafan lobe deposits (Normark, 1970, 1978;
Walker and Muni, 1973; Walker, 1978). Nevertheless, the pelitic
facies association may be a good candidate for basin-plain-type
sedimentation (cf. Blanpied and Stanley, 1981 ; Stanley, 1980,
1983; Cita el al., 1982; and Kastens and Cita, 1981 ). Deposited
in a sand-starved trench fed only by mud-rich, low-velocity
turbidity currents, these pelites would conforrnably overly
sandstones of the Madrid Formation.
We believe the Madrid Formation (see Appendix) was
deposited in a trench environment. Carbonate (calc-silicate)
concretions, considered characteristic of the Madrid Formation
and found primarily in thick sandstone beds, probably represent
original carbonate sand deposited rapidly by turbidity currents.
Rapid burial will easily result in preservation of carbonate
material below the carbonate compensation depth (e.g. Middle
American trench, Moore et al., 1982). Therefore, the occurrence
of carbonate material, especially in a formation of thick
sandstones like the Madrid Formation, does not necessarily
reflect shallow water deposition. The slope-sediments of the
Carrabassett Formation are thought to be in part diachronous
with the Madrid Formation. However, the pelitic turbidites and
olistostromes ultimately dominated the basin once sand supply
to the trench was terminated.
Paleocurrents. Paleocurrent data are too sparse and scattered to paint a clear picture, but the absence of any Carrabassett
or Madrid Formation paleocurrents with a significant easterly
component (none between 020° and 190°) is probably meaningful. Within the inferred lower slope setting of the Carrabassett

Formation, the available data would best support a westerly
paleoslope. In the Madrid Formation, southwesterly paleoflow
at Arnolds Landing is consistent with the inferred depositional
setting along a trench axis, that is, sediment was funneled down
the axis of a northeast-southwest trending, tectonically controlled basin. The limited data from the Carrabassett and Madrid
Formations are consistent with the broader regional pattern for
the entire syn-Acadian elastic succession from Gaspe to Virginia,
whereby sediment transport was generally westerly (Ettensohn,
1987; Bradley, I 987a; Hanson, 1988).

Implications for the Tectonics ofthe Kearsarge-Central Maine
Synclinorium and Acadian Orogeny
Tectonic interpretations of the Acadian orogeny have been
discussed in several recent reviews (e.g. Rodgers, 1970; O sberg,
1978; Robinson and Hall, 1979; Bradley, 1983), and a full
treatment is beyond the scope of this paper. Bradley (1983)
argued that a plate geometry analogous to the present-day
Molucca Sea, involving two subduction zones in the Kearsargecentral Maine synclinorium, could best satisfy the first order
observations mentioned in the previous section. However, a
major weakness of Bradley 's (1983) model was that it did not
readily account for the simple stratigraphy that evidently characterizes the Kearsarge-central Maine synclinoriurn (e.g.
Moench et al., 1982; Hatch et al., 1983). Figure 20 is a
provisional attempt to incorporate the stratigraphy of the
northwestern Kearsarge-central Maine synclinorium, as follows.
According to thi s interpretation, the lower part of the succession
(Quimby, Greenvale Cove, Rangeley, and Perry Mountain Formations) was deposited along the Taconic-modified margin of
North America, in a fore-arc basin that was part of a post-Taconic
northwest-dipping subduction system (Fig. 20a). The upper part
of the succession (Smalls Falls, Madrid, and Carrabassett Formations) was deposited in outer trench slope, trench axis, and
inner trench slope environments, respectively (Fig. 20b). At the
onset of collision (Fig. 20b), this migrating trench or foredeep
system evolved from Trench 2, and in a later position, it was the
basin in which the vast expanse of Seboomook Group olistostromes and petites of northwestern Maine were deposited
(Bradley, l 987b). Our interpretation of the Smalls Falls,
Madrid, and Carrabassett Formations implies that these units
have diachronous contacts that shifted across strike in concert
with plate motions, at rates of tens of kilometers per million
years. The coarsening and thickening upward sequence which
c haracterizes the transition between Smalls Falls Formation and
the Madrid Formation is similar to that associated with ancient
trench systems (Lash, 1985).
Whether or not this particular scenario is valid, an important
corollary of all models involving Siluro-Devonian subduction in
the Kearsarge-central Maine synclinori um is that some deformation which is traditionall y regarded as "Acadian" and Devonian
is in fact older. We visualize a continuum of deformation from
Silurian to Devonian, beginning with subd uction-related shor-
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Figure 20 (at right). Tectonic model for the Acadian o rogeny, modified
from figures by Bradley ( 1983) to account for the stratigraphy of the
Kearsarge-central Maine synclinorium. KCMS = Kearsarge-central
Maine synclinorium; GMA =Green Mountain anticlinorium; CVGS =
Connecticut Valley - Gaspe synclinorium; PMB = Piscataquis magmatic belt; CMB =Coastal magmatic belt. (a) Hypothetical paleogeography during mid-Silurian, shortly before onset of collision between
opposed accretionary prisms. The column on the left shows the lower
formations of the KCMS, which are interpreted to have been deposited
in a fore-arc basin. Oq =Quimby Fm.; Sg =Greenvale Cove Fm.; Sr=
Rangeley Fm.; Sp= Perry Mountain Fm. (b) Hypothetical paleogeography during Late Silurian to Early Devonian, at a very early stage of
collision. The mid-Silurian fore-arc basin is inferred to have evolved
into a foredeep, which is the direct descendant of Trench 2 in the
mid-Silurian model. Three time-transgressive depositional environments (outer trench slope, trench axis, and inner trench slope) are
visualized, corresponding to the Smalls Falls (Ssf), Madrid (DSm), and
Carrabassett (De) Formations, respectively.
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Figure 21 (below). Detailed measured section of upper Madrid Formation at Arnold's Landing (Fig. 2, loc. A).
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tening and ending with collision-related shonening. Along
strike in the Scottish Southern Uplands, deformation is now
largely recognized as the consequence of pre-Caledonian subduction rather lhan Caledonian collision (Leggen, 1980; Leggett
et al. , 1982; McKerrow and Cocks, 1977).
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APPENDIX: MADRID FORMATION
SEDIMENTOLOGY
Because of the gradational contac t between the two units,
the Carrabassett Formation cannot be properly understood
wi thout also considering the Madrid Formation. Quadrangle
mappers recognize the Madrid Formation as feldspathic, locally
calcareous metasandstone, whi le the Carrabassett Formation is
c haracteri zed by metape lite. The results of the present study
show that Madrid-like rocks are locally abundant within the
Carrabassett Formation. Both formations contain well-graded
Ta-Tde sequences (facies C); however, amalgamated sandstones
(facies B and BC) are much more common in !he Madrid
Formation. Thick-bedded turbidite facies associations of the
Madrid Formation were examined at three localities: at the type
section at Madrid Vil !age, at Arnold's Landing on the Kenne bec
River (Fig. 2, A; Fig. 2 1), and Stone Dam on the West Branch
Penobscot River (Fig. 2, SD).
Unlike the Carrabassett Formation, vertical sections of the
Madrid Formation are characterized by coarsening and thic kening upward sandstones. These c haracteristics are suggestive of
outer fan lobe deposits. Bradley and Hanson ( 1989) described
the Madrid Formation in greater detail.

REFER ENCES CITED
Anderton, R .. 1985, Clastic facies models and facies analysis, in Brenchley, P.
J., and Williams. B. P. J. (eds.), Sedimentology: recent developments
and applied aspects: Blackwell Scientific Publications, Oxford, p. 31-48.
Banerjee, I .. 1977. Experimental study of the effect of deceleration on the vertical
sequence of sedimentary structure in silty sediments: Jour. Sed. Petrol..
v. 47. p. 771-783.
Billings, M. P .. 1956. The geology of New Hampshire, Pa11 2: Bedrock geology:
Concord. New Hampshire State Plan. and Devel. Comm., 203 p.

Blanpied. C.. and Stanley, D. J .. 1981, Uni fonn mud (unifite) deposition in the
Hellenic Trench, eastern Mediterranean : Smithsonian Contribution to
Marine Science, no. 13. 40 p.
Boone. G. M., 1973, Metamorphic stratigraphy, petrology. and structural geology of the Little Bigelow Mountain map area, western. Maine: Maine
Geol. Surv., Bull. 24. 136 p.
Boucot, A. J., 1961. Stratigraphy of the Moose River synclinorium, Maine: U.S.
Geol. Surv .. Bull. 1111-E. 188 p.
Bouma, A. H .. 1962, Sedimentology of some nysch deposits: Elsevier. Amsterdam. 168 p.
Bradley, D. C., 1983, Tectonics of the Acadian orogeny in New England and
adjacent Canada: Jour. Geol., v. 91, p. 381-400.
Bradley, D. C .. I 987a. Palcocurrent directions from apparent dip ofcross laminae
in the Devonian flysch of Maine: Jour. Geol.. v. 95, p. 271-279.
Bradley, D. C., l 987b, Tectonic controls of stratigraphy in the Acadian fore land
basin, northern Appalachians: Geol. Soc. Amer., Abs. with Prog .. v. 19,
p. 6.
Bradley. D. C .. and Hanson, L. S., 1989, Turbidites and melanges of the Madrid
Fom1a1ion, central Maine, in Berry, A. W., Jr. (ed.), New England
Intercollegiate Geological Conference guidebook for field trips in
southern and west-central Maine, p. 183-199.
Bradley. D. C., and Kusky, T. M., 1986, Geological evidence for rate of plate
convergence during the Taconic Arc-Continent Collision: Jour. Geol.,
v.94,no.9,p.667-683.
Bree n. N. A., Silver, E. A .. and Hussong, D. M .. 1986, Structural styles of an
accretionary wedge south of the island of Sumba, Indonesia, revealed by
SeaMARC 11 side scan sonar: Geo!. Soc. Amer., Bull.. v. 97. p. 12501261.
Carey, D. L., and Roy, D. C., 1985, Deposition of laminated shale: a fie ld and
experimental study: Geo-Marine Le tte rs, v. 5, p. 3-9.
Cita, M. B., Maccagni. A., and Pirovano. G., 1982, Tsunami as triggering
mechanism of homogenites recorded in areas of the eascem Mediterranean characterized by the "cobblestone topography", in Saxov, S., and
Nieuwenhuis, J. K. (eds.). Marine slides and other mass movements:
Ple num Press. New York, p. 233-260.
C lifton, E. H., 1981, Submarine canyon deposits, Point Lobos, California, i11
Frizzell. V. (ed.), Upper C retaceous and Paleocene turbidites. central
California coast: Annual Meeting Pacific Section Soc. Econ. Paleont.
Mineral., Field Trip 6, p. 79-92.
Cowan, D. S., 1982, Defom1a1ion of partly de watered and consolidated Franciscan sediments near Piedras Blancas Point, California, i11 Leggett J. K.
(ed.), Trench-fore-arc geology : Geol. Soc. London, Spec. Pub., no. IO.
p.439-458.
Cowan, D. S .. 1985, Structural styles in Mesozoic and Cenozoic melanges in the
weste rn Cordillera of North America: Geol. Soc. Amer., Bull., v. 96, p.
45 1-462.
Ekren. E. B., and Frischknecht. F. D., 1967. Geological-geophysical investigations of bedrock in the Island Falls quadrangle, Aroostook and Penobscot
counties, Maine: U.S. GeoI. Surv., Prof. Paper 527, 36 p.
Espenshade, G. J-1 ., and Boudette. E. L., 1967, Geology and petrology of the
Greenville quadrangle. P iscataquis and Somerset Counties, Maine: U.S.
Geol. Surv., Bull. 1241 -F, 60 p.
Ettensohn, F. R., 1987, Rates of relative plate motion during the Acadian orogeny
based on the spatial distribution of black shales: Jour. Geol., v. 95, p.
572-582.
Gates, 0., 1969. Lower Silurian-Lower Devonian volcanic rocks of New
England coast and southern New Brunswick: Am. Assoc. Petrol. Geol..
Mem. 12, p. 484-503.
Gates. 0., and Moench, R. H .. 1981. Bimodal Silurian and Lower Devonian
volcanic rock assemblages in the Machias-Eastport area, Maine: U.S.
Geol. Surv .. Prof. Paper 11 84, 32 p.
Graham, S. A .. and Ingersoll . R. V., 1981, Field trip road log: Great Valley
Group submarine fan facies and Sacramento Va lley fo re-arc gas
province, i11 Graham, S. A. (ed.), Field guide to the Mesozoic-Cenozoic
convergent margin of northern California: Am. Assoc. Petrol. Geo!.,
Pacific Section, v. 50, p. 71-80.

123

L. S. Hanson and D. C. Bradley
Hanson, L. S., 1983, Geology of rocks along the East Branch Pleasant River,
White Cap Range, central Maine, in Caldwell, D. W., and Hanson, L. S.
(eds.), New England Intercollegiate Geological Conference guidebook
for field trips in the Greenville-Millinocket regions, north-central Maine,
p. 45-52.
Hanson, L. S., 1988, Geology of the Jo-Mary Mountain quadrangle with emphasis on the sedimentary facies and tectonic interpretation of the Carrabassett Formation: Ph.D. dissert., Boston Univ., Boston, Ma., 313 p.
Hanson, L. S., and Sauchuk, S. A., 1986, Lithofacies and paleoflows of the
Carrabassett and Seboomook Formations, north-central Maine: Geol.
Soc. Amer., Abs. with Prog., v. 18, no. 1, p. 21.
Hatch, N. L., Moench, R.H., and Lyons, J.B. , 1983, Silurian-Lower Devonian
stratigraphy of eastern and south-central New Hampshire: extensions
from western Maine: Am. Jour. Sci., v. 283, p. 739-761.
Hill, M. J., and Roy, D. C., 1985, Stratigraphic implications of the Allsbury-to
Lawler Ridge transition, northeastern Maine: Geo!. Soc. Amer., Abs.
with Prog., v. 17, no. l, p. 24.
Hon, R., 1980, Geology and petrology of igneous bodies within the Katahdin
pluton, in Roy. D .. and Naylor, R. (eds.), New England Intercollegiate
Geological Conference guidebook for field trips in northeastern Maine
and neighboring New Brunswick, p. 65-79.
Hon, R., and Roy, D. C., 1981, Magmatogenic and stratigraphic constraints on
Acadian tectonism in Maine: Geol. Soc. Amer., Abs. with Prog., v. 13,
no. 3, p. 138.
Howell, D. G., and Joyce, J. M., 1981 , Field guide to the Upper Cretaceous
Pigeon Point Formation, in Frizzell, V. (ed.), Upper Cretaceous and
Paleocene turbidite, central California coast; Annual Meeting Pacific
Section Soc. Econ. Paleont. Mineral., Field Trip 6, p. 61-70.
Ingersoll, R. V., 1981 , Petrofacies, lithofacies, submarine-fan facies of the Great
Valley Group (Sequence), in Graham, S. A. (ed.), Field guide to the
Mesozoic--Cenozoic convergent margin of northern California: Pacific
Section Am. Assoc. Petrol. Geol., v. 50, p. 59-70.
Ingersoll , R. V., and Graham, S. A., 1981, Field trip road log: Great Valley
Group submarine fan facies and Sacramento Valley fore-arc gas
province, in Graham, S. A. (ed.), Field guide to the Mesozoic--Cenozoic
convergent margin of northern California: Pacific Section Am. Assoc.
Petrol. Geol., v. 50, p. 83-90.
Karig, D. E., Barber, A. J., C harlton, T. P., Klemperer. S., and Hussong, D. M .,
1987, Nature and distribution of deformation across the Banda ArcAustralian collision zone at Timor: Geo!. Soc. Amer., Bull., v. 98, p.
18-32.
Kastens, L.A., and Cita, M. B., 1981 , Tsunami-induced sediment transport in
the abyssal Mediterranean Sea: Geol. Soc. Amer., Bull., v. 92, p.
845-847.
Lash, G. G., 1985, Recognition of trench fill in orogenic flysch sequences:
Geology, v. 13, p. 867-870.
Leggett, J. K., 1980, The sedimentological evolution of a Lower Paleozoic
accretionary fore-arc in the Southern Uplands of Scotland: Sedimentology, v. 27, p. 401-418.
Leggett, J. K., McKerrow, W. S., and Casey, D. M. , 1982, The anatomy of a
Lower Paleozoic accretionary fore-arc: the Southern Uplands of Scotland, in Leggett, J. K. (ed.), Trench-fore-arc geology: Geol. Soc. London,
Spec. Pub. no. 10, p. 495-52 1.
Lowe, D. R., 1982, Sediment gravity flows: ll. Depositional models with special
reference to the deposits of high-density turbidity currents: Jour. Sed.
Petrol., v. 52, no. l, p. 279-297.
Ludman, A., 1976, Fossil-based stratigraphy in the Kearsarge-central Maine
synclinorium, central Maine: Geol. Soc. Amer., Mem. 148, p. 65-78.
Lyons, J.B., Boudette, E. L., and Aleinikoff, J. N., 1982, The Avalonian and
Gardiner zones in central eastern New England, in St-Julien, P., and
Beland, J. (eds.), Major structural zones and fau lts in the northern
Appalachians: Geol. Assoc. Can., Spec. Paper 24, p. 43.
McKerrow. W. S., and Cocks, L. R. M., 1977, The location of the lapetus Ocean
suture in Newfoundland: Can. Jour. Earth Sci., v. 14, p. 488-499.
McKerrow, W. S., and Zeigler, A. M., 197 1, The Lower Silurian paleogeography
of New Brunswick and adjacent areas: lour. Geology, v. 79, p. 635-646.

124

Moench, R. H., Partkiwskyj, K. A., Boone, G. M., Boudette, E. I., Ludman, A.,
Newell, W.R., and Vehrs, T. I., 1982, Geological map of western interior
Maine: U.S. Geol. Surv., Open-File Report 82-656, 33 p.
Moore, R. C., 1949, Meaning of facies, in Longwell, C.R. (Chairman), Sedimentary facies in geological history: Geol. Soc. Amer., Mem. 39, p. 1-34.
Moore, J. C., Watkins, J. S., McMillen, K. J., Bachman, S. B., Leggett, J. K.,
Lundberg, N., Shipley, T. H., Stephan, J. F., Beghtel, F. W., Butt, A.,
Didyk, B. M., Niitsuma, M., Shepard, L. E., and Stradner, H., 1982,
Facies belts of the Middle America trench and fore-arc region, southern
Mexico: results from Leg 66 DSDP, 1982, in Leggett J. K. (ed.),
Trench-fore-arc geology: Geol. Soc. London, Spec. Pub. no. 10, p.
537-550.
Muni, E., and Ricci Lucchi, F., 1972, Le torbiditi dell' Appennie settentrionale:
introduzione all'analisi di facies: Memorie della Societa Geologica
Italinana, v. 11, p. 161-199. (Translated into English by T. H. Nilsen,
1978, lntemational Geology Review, v. 20, no. 2, p. 125-166.)
Mutti, E., and Ricci Lucchi, F., 1975, Turbidite facies and facies associations, in
Examples of turbidites and facies associations from selected formations
of the Northern Apennines: Int. Cong. Sed., 9th, Nice, Guidebook, p.
21-36.
Nelson, H., Muni, E., Ricci Lucchi, F., 1977, Discussion--Upper Cretaceous
resedimented conglomerates at Wheeler Gorge, California: description
and field guide: Jour. Sed. Petrol., p. 926-928.
Neuman, R. B., 1967, Bedrock geology of the Shin Pond and Stacyville quadrangles, Penobscot County, Maine: U.S. Geol. Surv., Prof. Paper 524-1,
37 p.
Nilsen, T. H., 1984, Turbidite facies, in Nelson, H. C., and Nilsen, T. H. (eds.)
Modem and ancient deep-sea fan sedimentation: SEPM Short Course
no. 14, Soc. Econ. Paleont. Mineral., Tulsa, Ok., p. 170-196.
Nilsen, T. H., and Yount, J. C., 1981, Description offield trip stops I and 2 near
Point San Pedro, in Frizzell, V. (ed.), Upper Cretaceous and Paleocene
turbidites, central California coast: Annual Meeting Pacific Section Soc.
Econ. Paleont. Mineral. , Field Trip 6, p. 3 1-48.
Normark, W. R., 1970, Growth patterns of deep sea fans: Am. Assoc. Petrol.
Geol., Bull., v. 54, p. 2 170-2195.
Normark, W. R., 1978, Fan valleys, channels, and depositional lobes on modem
submarine fans: characters for recognition of sandy turbidite environments: Am. Assoc. Petrol. Geol., Bull., v. 62, p. 9 12-931.
Osberg, P. H., 1978, Synthesis of the geology of the northeastern Appalachians,
U.S.A.: Geol. Surv. Canada, Paper 78- 13, p. 137- 147.
Osberg, P.H., Hussey, A. M., ll, and Boone, G. M., 1985, Bedrock geologic map
of Maine: Maine Geol. Surv., scale I :500,000.
Osberg, P. H., Moench, R. H., and Warner, J., 1968, Stratigraphy of the Merrimack synclinorium in west-central Maine, in Zen, E-an, White, W. S.,
Hadley, J. B., and Thompson, J. B., Jr. (eds.), Studies of Appalachian
geology, northern and maritime: Wiley-lnterscience, New York, p.
241-253.
Pankiwskyj, K. A., Ludman, A., Griffin, J. R., and Berry, W. B. N., 1976,
Stratigraphic relationships on the southeast limb of the Merrimack
synclinorium in central and west-central Maine, in Lyons, P. C., and
Brownlow, A. H. (eds.), Studies in New England geology: Geol. Soc.
Amer., Mem. 146, p. 263-280.
Piper, D. J. W .. 1972, Turbidite origin of some laminated mudstones: Geol.
Mag.. v. 109, p. 115- 126.
Piper, D. J. W., 1978, Turbidite muds and silts on deep sea fans and abyssal
plains, in Stanley, D. J., and Kelling, G. (eds.), Sedimentation in submarine canyons, fans and trenches: Dowden, Hutchinson and Ross,
Stroudsburg, Pa., p. 163- 175.
Piper, D. J. W., von Huene, R., and Duncan, J. R., 1973, Late Quaternary
sedimentation in the active eastern Aleutian trench: Geology, p. 19-22.
Pollock, S. G ., 1987, The Lower Devonian slate problem of western and northern
Maine revisited: Northeast Geology, v. 9 , no. 1, p. 37-50.
Rankin, D. W., 1968, Volcanism related to tectonism in the Piscataquis volcanic
belt, an island arc of Early Devonian age in north-central Maine, in Zen,
E-an, White, W. S., Hadley, J. B., and Thompson, J.B., Jr. (eds.), Studies
of Appalachian geology, northern and maritime: Wiley-Interscience,
New York, p. 355-369.

Lower Devonian Carrabassett Formation
Reading, H. G., 1986, Facies, in Reading, H. G. (ed.), Sedimentary environments
and facies: Elsevier, New York, p. 4-19.
Robinson, P ., and Hall, L. M., 1979, Tectonic synthesis of southern New
England, in Wones, D. R. (ed.), The Caledonides in the U.S.A., JGCP
Project 27: Caledonide orogen: Dept. Geo!. Sci., Virginia Polytechnic
Inst. and State Univ., Mem. 2, Blacksburg, Va., p.73-82
Rodgers, J., 1970, The tectonics of the Appalachians: Wiley lnterscience, New
York, 271 p.
Rodgers, J., 1981, The Merrimack synclinorium in northeastern Connecticut:
Am. Jour. Sci., v. 281, p. 76-186.
Roy, D. C., 1981, Reconnaissance bedrock geology of the Sherman, Mattawamkeag, and Millinocket 15' quadrangles, Maine: Maine Geo!. Surv.,
Open-File Rcpt. 81-46, 18 p.
Roy, D. C., Demorest, N., and Hill, M., 1983, Stratigraphy and sedimentation in
Silurian flysch east of Millinocket, Maine, in Caldwell, D. W., and
Hanson, L. S. (eds.), New England Intercollegiate Geological Conference
guidebook for field trips in the Greenville-Millinocket regions, northcentral Maine, p. 123-146.
Slatt, R. M., and Thompson, P.R., 1985, Submarine slope mudstone facies, Cozy
Dell Formation (Middle Eocene), California: Geo-Marine Letters, v. 5,
p. 39-45.
Stanley, D. J., 1980, Unifites: structureless muds of gravity-flow origin in
Mediterranean basins: Geo-Marine Letters, v. I, p. 77-83.
Stanley, D. J., 1983, Parallel laminated deep-sea muds and coupled gravity flow
- hemipelagic settling in the Mediterranean: Smithsonian contributions
to the marine sciences, no. 19, 19 p.
Stanley, D. J., and Knight, R. S., 1979, Giant mudflow deposits in submarine
trenches: Hellenic basins and slopes in eastern Mediterranean: Am.
Assoc. Petrol. Geo!., Bull., v. 63, p. 532-533.
Stanley, D. J., and Maldonado, A., 1981, Depositional models for fine-grained
sediment in the western Hellenic trench, eastern Mediterranean:
Sedimentology, v. 28, p. 273-290.

Stow, D. A. V., and Bowen, A. J., 1976, Origin of lamination in deep sea,
fine -grained sediments: Nature, v. 274, p. 324-328.
Stow, D. A. V., and Bowen, A. J., 1980, A physical model for the transport and
sorting of fine-grained sediment by turbidity currents: Sedimentology,
V. 27, p. 31-46.
Stow, D. A. V., and Piper, D. J. W., 1984, Deep-water fine-grained sediments:
facies models, in Stow, D. A. V., and Piper, D. J. W. (eds.), Fine-grained
sediments: deep-water processes and facies: Geo!. Soc. London, Spec.
Pub. no. 15, p. 611-646.
Stow, D. A. V., and Shanrnugan, G., 1980, Sequence of structures in fine-grained
turbidites: comparison of recent deep-sea and ancient flysch sediments:
Sedimentary Geology, v. 25, p. 23-42.
Tobisch, 0. T., 1984, Development of foliation and fold interference patterns
produced by sedimentary processes: Geology, v. 12, p. 441-444.
Underwood, M. B., and Bauchman, S. B., 1982, Sedimentary facies associations
within subduction complexes, in Leggett, J. K. (ed.), Trench-fore-arc
geology: Geo!. Soc. London, Spec. Pub. no. 10, p. 537-550.
Vehrs, T. I., 1975, Tectonic, petrologic, and stratigraphic analysis of the Bigelow
Range, Stratton and Little Bigelow Mt. quadrangles, northwestern
Maine: Ph.D. thesis, Syracuse Univ., Syracuse, N.Y., 196 p.
Walker, R. G., 1977, Reply--Upper Cretaceous resedimented conglomerates at
Wheeler Gorge, California: description and field guide: Jour. Sed.
Petrol., v. 47, no. 2, p. 929-930.
Walker, R. G., 1978, Deep-water sandstone facies and ancient submarine fans:
models for exploration for stratigraphic traps: Am. Assoc. Petrol. Geo!.,
Bull., v. 62, no. 6, p. 932-966.
Walker, R. G., 1985, Mudstones and thin-bedded turbidites associated with the
upper Cretaceous Wheeler Gorge conglomerates, California: a possible
channel-levee complex: Jour. Sed. Pet., v. 55, p. 279-290.
Walker, R. G., and Mutti, E., 1973, Turbidite facies and facies associations, in
Turbidites and deep-water sedimentation: Soc. Econ. Paleonl. Mineral.,
Pacific Section, Short Course, Anaheim, p. 119-157.

125

Ma ine Geological Survey
Studies in Maine Geology: Volume 2
1989
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and Adjacent New Brunswick
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ABSTRACT
Six roundstone conglomerates of uncertain but probable middle to late Silurian age at Oak Bay, New Brunswick,
and at Wesley, Addison, Douglas Islands, Turtle Island, and Flanders Bay, Maine, consist of rounded to subangular
pebbles, cobbles, and boulders of unfoliated and little metamorphosed felsic and mafic volcanic rocks, collectively
several varieties of granitoids, and a suite of generally arkosic volcanogenic sandstones and siltstones. Clasts from
the generally foliated schists and metavolcanic rocks of the pre-Silurian Ellsworth, Columbia Falls, and Cookson
Formations in the coastal volcanic belt of Maine are absent.
Except for that at Wesley, the conglomerates are unstratified and some are at least several hundred meters
thick. At Oak Bay and Addison the matrix is clast-supporting; the others are generally clast-supported. These
disorganized conglomerates were emplaced as debris flows, subaqueous except perhaps for the Douglas Islands.
The conglomerates originated as stream gravels in a volcanic upland and eventually were deposited in thick alluvial
fans or fan deltas along the fault-bounded border of the upland. An episode of faulting, perhaps associated with
earthquakes, and further uplift destabilized the fans, initiating landslides which moved downslope towards and into
the neighboring basin as debris nows.
Within the coastal belt of Maine and New Brunswick, two lithologic provinces qualify as possible provenances
of the clasts. One is uplifted Silurian volcanic terrain, in which Silurian granites have recently been identified in
addition to the much more widespread Devonian ones. The other possibility is the Precambrian-Cambrian rocks
of the Avalonian terrane of the Long Reach-Saint John area, New Brunswick which have the requisite volcanic and
granitic rocks, many of them unfoliated. A third alternative underlies the Gulf of Maine. Gravitational and
aeromagnetic signatures and deep seismic profiling have identified Avalonian terrane nooring the gulf, a possible
source for clasts in the Addison and Douglas Islands conglomerate near the coast.
The uplift and faulting to which the conglomerates testify may reflect block faulting in an extensional tectonic
regime during Silurian volca nism. Alternatively, they may have resulted from crustal strains imposed dur ing the
final stages of emplacement of the suspect Avalonian terrane.

INTRODUCTION
Of the eight known Silurian conglomerates in the Si lurianLower Devonian coastal volcanic belt of Maine and adjacent
New Brunswick, six are composed of rounded pebbles, cobbles,
and boul ders of non-foliated sedimentary, volcanic, and graniti c
rocks. Clasts derived from nearby pre-Silurian , generally
foliated formations such as the Cookson, Columbia Falls, and
El lsworth Formations, which unconformably underlie the

Silurian-Lower Devonian volcanic pile in coastal Maine have
not been identified in outcrop or in thin section. This paper
describes the six conglomerates and discusses their origin and
possible provenances.
The other two conglomerates, one near Castine on the
Bagaduce River (Wingard, 196 1; Stewart and Wones, 1974) and
the other at Ames Knob on North Haven Island in Penobscot Bay
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Figure I. Geologic map of the area from Penobscot Bay to Passamaquoddy Bay, Maine and New Brunswick (sources: Osberg et
al., 1985; Potter et al., 1979).
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Silurian roundstone conglomerates
(Smith et al., 1907; Dow, 1965; Brookins et al., 1973), will not
be discussed here. They were deposited on the angular unconformity between the overlying Silurian-Lower Devonian volcanic section and the underlying Cambrian? to Ordovician?
Ellsworth schist and North Haven greenstone and contain clasts
of the latter formations.
Because the ages of most of the conglomerates within the
Silurian are poorly constrained stratigraphically, informal lower
case terms early (lower), middle (middle), late (upper) are
generally used to indicate uncertainty within the Silurian. All
Rb-Sr dates use the A= l.42 x 10- 11 /year decay constant. Used
in conjunction with the Decade of North American Geology
1983 Geological Time Scale (Palmer, 1983), it results in ages
about 12 million years younger than those based on fossils,
further compounding the age uncertainty.
Only the conglomerate of the Oak Bay Formation has a
formal formation name. The other conglomerates are informally
designated by geographic location for convenient reference.
This paper has three principal sections: (I) descriptions of
the various conglomerates, (2) a proposed genetic model, and (3)
discussion of provenance and regional tectonic significance.
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The Oak Bay Formation (Figs. I, 2) is the best exposed of
the conglomerates described in this paper. Exposure is continuous along the west shore of Cookson Island from the underlying Ordovician Cookson Formation to the overlying Silurian
Waweig Formation. Originally described by Bailey and Matthews ( 1872), it has been most recently studied by Cumming
( 1967), Ruitenberg ( 1967), Stringer and Pajari ( 1982), and
Stringer and Burke (1985). The conglomerate, its contiguous
rocks, and the structure of the Oak Bay area deserve a much more
detailed study than this paper attempts.
The conglomerate forms a broad lens which thins to the
northeast and southwest from its greatest thickness on Cookson
Island between the unconformably underlying Cookson Formation and the conformably overlying Waweig Formation. The
Cookson Formation consists of tightly folded graphitic phyllite
and thin quartzite beds which have an early foliation parallel or
subparallel to bedding that is cut by several younger cleavages,
the youngest being axial-planar to upright folds (Stringer and
Burke, 1985). The bedding-paralle l foliation is probably
Taconian, and the upright folds and axial plane cleavage are the
imprint of the Acadian orogeny (Stringer and Burke, 1985). The
graptolite Clonograptus tenellus Linnarson indicates a Late
Tremadocian age (Fyffe et al., 1983) for the Cookson Formation.
I collected hitherto unreported small linguloids, undiagnostic of
age (Pickerill, pers. commun., 1987) together with Clonograptus
within 30 cm of the base of the conglomerate of the Oak Bay
Formation.
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Bay
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-------····
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Figure 2. Geologic map of the Oak Bay area, New Brunswick (mapping
by Gates supplemented by mapping by Ruitenberg, 1967; Stringer and
Burke, 1985; Stringer, pers. commun., 1987).
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Most of the Waweig Fonnation, which conformably overlies the Oak Bay Formation, is a feldspathic graywacke and slate
(Ruitenberg, 1967, 1968). Pickerill ( 1976) noted dominant
homogeneous and bioturbated bedding, locally having flutes,
grooves, and cross-bedding. Ruitenberg (1967) suggested a
thickness of 5 km, a very tentative figure due to Jack of marker
beds and uncertainty as to the amount of isoclinal folding.
Pickerill ( 1976) concluded that its Salopina fauna! community
indicates a shaJlow water shelf environment of deposition. Its
general lithologic uniformity and great thickness, if real, imply
continuous subsidence during deposition over considerable
geologic time.
Boucot et al., ( 1966) assigned an age somewhere in the Late
Llandovery through Wenlock range to a poorly preserved unzonable brachiopod collection of the Waweig Formation from
the east shore of Oak Bay primarily because the collection was
stratigraphically below loose blocks having a Salopina fauna.
Pickerill ( 1976) found a large well preserved Salopina fauna in
place to which he assigned an uppermost Ludlow-Pridoli age.
However, the stratigraphic position of the collection above the
base of the Waweig Formation is not known.
The conformable contact of the Waweig Formation on the
conglomerate of the Oak Bay Fonnation, the finding of an early
Silurian pentameroid brachiopod in a limestone clast (Cumming,
1967), the apparent great thickness of the Waweig Formation,
and the Pridoli age for at least part of it suggest a Ludlow to
Pridoli age for the Oak Bay Formation.
The contact between the Oak Bay Formation and the Cookson Formation on Cookson Island is a complex fault zone
associated with the Carboniferous Oak Bay fault (Fig. 2). A
sedimentary contact is preserved only in two fault blocks on the
west shore of the island. The conglomerate dips about 70
degrees to the south and has an east-striking cleavage that also
dips steeply southward. Figure 3a illustrates the contact relations. The only clearly sedimentary contact is in block II of
Figure 3a. Here the upward succession is foliated phyllite of the
Cookson Formation, then a barely perceptible bedding plane
beneath a mudstone that carries scattered rounded pebbles, then
a 5 cm thick bed oflaminated mudstone, and finally the massive
conglomerate. In block I the contact between fossiliferous phyllite of the Cookson Formation and a mudstone with scattered
pebbles is a plane which can be interpreted either as a bedding
plane or a fault. The lowermost conglomerate clasts appear to
have been deposited on and sunk into a thin layer of mud
overlying the eroded phyllite. The thin bed of laminated undisturbed muds tone in block II within the base of the conglomerate
suggests that the initial phase of emplacement of the conglomerate was not turbulent. Rotation of the conglomerate of
the Oak Bay Formation of block I to horizontal as originally
deposited (Fig. 3b) suggests that faults formed in the Cookson
Formation prior to, or contemporaneous with, deposition of the
Oak Bay Formation. Subsequent faulting involving both formations folded the older faults.
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Figure 3. (a) Sketch of a cliff on the west shore of Cookson Island
showing the contact relations of the Oak Bay Formation and the Cookson Formation. (b) Interpretation of the contacts shown in Figure 3a
based on rotation of the unconformable contact to its presumably
original horizontal orientation. No scale.

The conglomerate dips consistently south along the west
shore of Cookson Island exposing an apparent thickness of about
300 m, but several faults of unknown displacement may repeat
some of the section. Above the basal zone, the conglomerate is
massive, without discernible bedding contacts, but there are
subtle gradational changes in median clast size. The amount of
matrix, from clast-supporting to clast-infilling, also varies.
Deposition apparently was a continuing, uninterrupted, but
slightly varying process.
Clasts are well-rounded to subrounded and range through
the pebble-cobble-boulder scale (Fig. 4). Modal size from outcrop estimates is 4-8 cm with scattered boulders up to 30 cm,
particularly in the lower one-third of the formation. The matrix
is a poorly sorted mixture of small pebbles, grit, and sand of
albite, quartz, volcanic rock fragments, and minor chlorite (Fig.
5). In most places it is clast-supporting.

Silurian roundstone conglomerates

Figure 4. Oak Bay conglomerate at the south end of Cookson Island.
Note the good rounding and poor sorting. Here the matrix is not
abundant enough to be fully clast-supporting. The largest clasts are
about 6 cm long.

Figure 6. Thin section (crossed nicols) of a granophyre clast in the Oak
Bay conglomerate. Field of view is I 0 x 7 mm.

Figure 5. Thin section (uncrossed nicols) of the matrix of the Oak Bay
conglomerate. Note the poor sorting, angularity, and generally immature aspect. Quartz grains are white; dusty albitized feldspar grains and
fragments of once glassy porphyries are gray; and basalt fragments are
black. Field of view is 7 x 5 mm.

Figure 7. Thin section (crossed nicols) of a devitrified porphyry clast
in the Oak Bay conglomerate. Field of view is 7 x 5 mm.

Several clast counts on the outcrop and on polished slabs
indicate that about 70 percent are volcanic, perhaps 1-2 percent
granitic, and the rest sedimentary. Thin sections of 25 clasts
chosen to be representative of the various clast lithologies
showed only one granite type, a fine to medium grained
granophyre (Fig. 6); a variety of dacite to rhyolite porphyries,
(Fig. 7), some flow-banded; two varieties of basalt, one amygdaloidal, the other diabasic (Fig. 8) possibly from dikes; and
several crystal lithic tuffs. The sedimentary clasts are of pebble
conglomerates, and lithic arkosic grits, sandstones , and
siltstones. No clasts of the Cookson Formation were found.
Feldspars are dusty weathered albite; and ferromagnesian
minerals are altered to chlorite and epidote. The entire suite

indicates erosion of a bimodal volcanic terrane, weathered and
hydrothermally altered, but not penetratively deformed or thermally recrystallized.
The contact with the overlying Waweig Formation is exposed in the small cove at the neck of the peninsula at the
southwest comer of Cookson Island. A lens of unbedded arkosic
sandstone in the conglomerate is succeeded by bedded arkosic
sandstones, a coarse debris flow with mud chips, and then a
section of well-bedded siltstone and argillite. A thicker, more
complete section of argillite, siltstone, arkosic sandstone,
graywacke, pebble conglomerate, debris flows, and slumped
pebbly muds tones overlies conglomerate of the Oak Bay Formation along the west shore of Oak Bay, and was considered by
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Ruitenberg (1967) to be the gradational contact zone from the
Oak Bay into the Waweig Formation.
Ruitenberg (1967) concluded that the Oak Bay Formation
is a resedimented conglomerate. An unsorted mixture of clasts
of various sizes, a muddy, silty, and sandy matrix, and an absence
of internal stratification are characteristics used to classify conglomerates as disorganized (Walker, 1975; Pickering et al.,
1986), or with genetic implications, as debris flows (Fisher,
1971; Hampton, 1972). The other massive conglomerates of this
paper are also disorganized ones. A brief review of such conglomerates, debris flow mechanisms, and their application to the
origin of the Oak Bay and the other conglomerates are postponed
until all have been described.

Conglomerate at Wesley

Figure 8. Thin section (crossed nicols) of a basalt clast in the Oak Bay
conglomerate. Note the unsorted immature sandy matrix. Field of view
is 7 x 5 mm.

This conglomerate (Westerman, 1978, 1981) crops out in
the bed of Old Stream in the west-central part of the Wesley 15
minute quadrangle (Figs. I, 9). It is probably in fault contact
with the Cookson Formation to the north and underlies
metasedimentary and metavolcanic rocks believed to be Waweig
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Silurian roundstone conglomerates
Formation to the south. The following description repeats with
minor changes that of Westerman.
The conglomerate lies along the south side of a major
northeast-trending fault that continues eastward across the quadrangle, apparently separating Cookson Formation to the north
from chlorite grade probably Silurian-Lower Devonian volcanic
rocks to the south. Although the nature of movement on this fault
appears to have varied along strike and through time, the intense
deformation and stretching of the conglomerates and associated
metatuffs and metasedimentary rocks is presumed to reflect
strain along the fault.
Bedding in the 2 km wide section of conglomerate and
associated rocks consistently dips gently to the south, with rare
graded beds and cross-beds indicating younging to the south.
Outcrops in Old Stream suggest that the conglomerate grades
upwards into and is interbedded with feldspathic metatuffs,
metasiltstones, and metashales. Farther south the stream cuts
through volcanic breccias that are part of an extensive terrane of
bimodal volcanic rocks and minor associated redbeds. The
redbeds have yielded an invertebrate fossil assemblage of
favositid corals, comulitid tubes, pterineoid bivaJves, and a few
gastropods, possibly representing a very shallow, intertidal environment with low turbulence of probable Late Silurian age
(Boucot, pers. commun., 1978).
Although the conglomerates and associated rocks at Wesley
are more deformed and metamorphosed than those at Cookson
Island, Westerman concluded that the succession of Cookson
Formation, Oak Bay Formation, and Waweig Formation is duplicated at Wesley. The volcanic section of probable Late Silurian
age overlying and perhaps interfingering with the presumed
Waweig Formation at Wesley lends credence to Westerman's
stratigraphic interpretation. The Wesley conglomerate, thus, is
of Ludlow to Pridoli age if the correlation with the Oak Bay
Formation is valid.
Conglomerate beds make up approximately 30 percent of a
.5 km wide zone in Old Stream. The coarsest, with clasts up to
25 cm, occur near the northern margin of the section close to the
unexposed fault where they are the dominant lithology. Schists
of the Cookson Formation crop out about 400 m upstream to the
north. The grain size of the conglomerate beds decreases southward as the ratio of conglomerate to highly deformed metatuffs,
metaquartzites, and metapelites decreases. These finer grained
rocks crop out intermittently for an additional 1.5 km
downstream from the southernmost exposure of conglomerate.
The conglomerate carries clasts of a wide variety of
lithologies: quartzite, calcareous metasiltstone, siliceous
metapelite, vein quartz, amygdaJoidal basalt, massive basalt,
various felsic lavas and tuffs, white medium-grained granite, and
pink vitrophyre. Thin sections of 4 randomly selected clasts
show granophyre, devitrified flow-banded dacite porphyries
(Fig. 10), and an unfoliated quartz-feldspar-chlorite graywacke
with fine-grained metamorphic biotite. Although the clasts locally have been tectonically elongated and thermally metamorphosed, they lack foliation resembling that of the adjacent

Figure I 0. Thin section (crossed nicols) of a flow-banded dacite porphyry with a devitrified groundmass in the Wesley conglomerate. Field
of view is JO x 7 mm.

metapelitic rocks of the Cookson Formation. Presumably their
metamorphism is entirely post-depositional, in common with
that of the overlying Waweig Formation.
The matrix is clast-supporting in most places, but may
locally constitute less than 20 percent of the rock. It is schistose,
fine-grained, and predominantly of quartz and chlorite.

Conglomerate at Addison
The conglomerate at Addison (Gilman, 1966) crops out in
three widely separated areas (Fig. I, 11 ): on a ridge west of
Addison, in a quarry in a contact zone of a hornblende
granophyre east of Pleasant River, and on two knobs north and
south of Route I east of Addison. Because of the scarcity of
outcrops in the general region, its stratigraphic setting and age
are poorly constrained.
The stratigraphic base of the conglomerate is not exposed.
An outcrop of mylonite between Addison and Marshville close
to the lowermost outcrop of conglomerate on the ridge, a strong
fracture cleavage in the conglomerate parallel to the presumed
fault indicated by the mylonite, and the absence of clasts from
the adjacent Columbia Falls schist (Gilman, 1961) of probable
Cambra-Ordovician age suggest that the base of the conglomerate is in fault contact with the schist rather than unconformably overlying it as proposed by Gilman ( 1966).
Evidence bearing on the stratigraphic position of the conglomerate is meager. On the ridge west of Addison the conglomerate is overlain by bedded siltstone which dips to the
southeast and is metamorphosed by the adjacent granite. Thinly
bedded siltstone and quartzite beds on the east shore of Pleasant
Bay dip and young to the northeast. Alignment of conglomerate
outcrops north and south of Route 1 and of basalts further east
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Figure 11. Geologic map of the Addison area, Maine (source: Gilman, 1961 ; with additional unpubli shed mapping by G ilman and
Gates).

suggests northerly strikes. A small outcrop of volcanic rocks
between Addison and Columbia Falls has a fracture cleavage
parallel to the inferred fault, but no measurable attitude. Fossiliferous Silurian rocks along the east shore of Chandler Bay dip
east. Black shales beneath east-dipping luff-breccias north of
Centerville and north of the inferred fault carry Wenlock graptolites. The Addison conglomerates thus probably are within an
east-dipping section of siltstones and volcanic rocks of middle
Silurian age. Tilting of the section and subsequent intrusion of
Acadian granites indicate an age older than the Acadian orogeny.
Gilman (1966) noted that the conglomerate north and south of
. Route 1 has better rounded clasts and different proportions of
clast lithologies than that on the ridge west of Addison, and thus
it probably represents a separate episode of emplacement rather
than repetition by folding or faulting.
The most instructive exposures are on the ridge west of
Addison where numerous, but discontinuous, outcrops indicate
a thickness of about 900 m assuming no repetition by undiscovered faulting or folding. individual outcrops appear massive
without visible bedding, but in some outcrops the median grain
is noticeably less than in others, suggesting that the conglomerate is not homogeneous. Sorting of clasts is poor, ranging
from pebble size to 25 cm for the largest clasts. Most clasts are
in the 3- 10 cm range. Based on a study of slabs, Gilman (1966)
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showed that clasts are rounded to subrounded, but that matrix
fragments are subangular to angu lar. The matri x consists
primarily of silt together with frag ments and grains of rocks like
those that make up the cl asts and is clast supporting except where
pebbles are numerous (Gilman, 1966). Thermal metamorphism,
probably from the adjacent granite, has recrystallized the matrix
to the epidote-amphibolite facies.
Gilman 's ( 1966) analysis (Fig. I 2) illustrates the mixture of
volcanic, sedimentary, and granitic clasts, notably devoid of
foliated rocks. Quartzite and siltstone together make up about
one half the clasts examined on slabs or in thin sections, and
granite and granophyre about 20 percent. Thin section examination of a random sampling of clasts much less thorough than
Oilman 's identified granophyre, quartz diorite, poorly sorted
quartzite (Fig. 13), devitrified, flow-banded, quartz-feldspar
porphyries, and basalt.
East of Pleasant River in the quarry within the contact zone
of a hornblende granophyre, Gilman (1966) described rounded
cobbles and boulders up to 60 cm in diameter of granophyre and
an equigranular plagioclase-hornblende rock in a matrix of
quartz, dark gray aphanitic fragments, and metamorphic
hornblende and minor pyroxene. At the present quarry levels,
deepened since Gilman examined it, numerous granophyre dikes
together with brecciation, flowage, local melting, and thermal
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Figure 12. Histograms of pebble distributions in the Addison conglomerate (reproduced from Gilman , 1966, Fig. 3). (a) Detem1ined
from thin section analysis. A - equigranular plagioclase and hornblende; B - diabase; C - equigranular quartz and feld spar; D - felsite
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I - aphan itic, black; 2 - diabase; 3 - fels ite, general; 4 - felsite, volcanic texture; 5 - quartzite; 6 - granite; 7 - granophyre; 8 - diorite;
9 - silt.

Figure 13. Thin section (crossed nicols) of a poorly sorted immature
q uartzite clast from the Addi son conglomerate. Field of view is 10 x 7
mm.

metamorphi sm associated with intrusion of the adjacent
granophyre and possibly the large gabbro to the south have
severely disrupted and obscured the original rocks.
The conglomerate south of Route I is massive, but has more
rounded clasts and relatively fewer granite and granophyre clasts
than the conglomerate on the ridge west of Addison (Gilman,
1966).
Gilman ( 1966) concluded that the Addison conglomerate
was deposited as subaqueous debris flows of unconsolidated
gravels, sand, silt, and mud which moved down the marginal
slope of a sedime ntary basin floored by silt and mud. He cited
the absence of bedding, poor sorting, and the clast-supporting
matrix that includes silt and mud incorporated during emplacement. The finel y laminated siltstone and mudstone represent
muds that floored the basin. He attributed the different clasts to
different sources; volcanic to the Silurian section, quartzite to
pre-Silurian (Cookson?) rocks inland, and granitic to unknown
sources.
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Conglomerate at the Douglas Islands
The three Douglas Islands at the mouth ofNarraguagus Bay
(Figs. I, 14) provide excellent exposures of a coarse, massive
polymict roundstone conglomerate (Gates, 1984). The conglomerate overlies volcanic rocks on Pond Island and is intruded
by granite on Bois Bubert Island.
Pond Island consists of rhyolite, commonly porphyritic and
locally flow-banded, which is intruded by gabbro at the south
end and by granite at the north. Along the west shore the rhyolite
is overlain along an unexposed contact by a section of bedded
siltstones, arkosic sandstones, and pebble conglomerates displaying cross-bedding, cut-and-fill structures, grading, and lensing of beds. The section dips and youngs to the west. Pebbles
are angular and of pink granite and red and black rhyolite. The
matrix sand grains are primarily of feldspar and quartz.
The contact between this bedded section and the Douglas
Islands conglomerate lies in the gap between Pond Island and
Turkey Island. The conglomerate on Turkey Island contains
rhyolite and pink granite clasts like the pebbles on Pond Island
and has an arkosic matrix suggesting that the conglomerate is a
continuation of the underlying bedded sequence.
Assignment of an age to the conglomerate depends on the
assumption that the rhyolite on Pond Island belongs to the same
volcanic section as the rhyolite on Flint Island about 3 km to the
northeast. There, two collections of unwnable brachiopods
from shale and siltstone beneath the rhyolite give an age somewhere in the range from Late Llandovery to Ludlow (Boucot,
pers. commun., 1983). Metzger et al. ( 1982) reported a Rb-Sr
whole rock age of 396± 17 Ma for the rhyolite on Flint Island,
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middle Early Devonian according to the DNAG Geologic Time
Scale (Palmer, 1983).
Assuming an average dip of 45°, the thickness of conglomerate from Turkey Island to Bois Bubert Island is an
astonishing 1.5 km. Lack of marker beds precludes determination of possible faults or folds that might repeat the section. A
strong fracture cleavage that trends N I0-20°E and dips 60-70°
east has flattened small clasts and pebbles in the matrix and
produced anastomosing wnes of shear that envelop the large
clasts. It may be an axial plane cleavage due to folding of the
conglomerate, indicate a nearby major shear zone, or have been
imposed by intrusive forces of the neighboring granitic plutons.
The conglomerate is unstratified, but has vaguely defined
areas several square meters in size in which clasts in the 2-8 cm
size range predominate and others in which clasts of 10-15 cm
are common. In addition, irregular tabular lenses up to 5 m long
and a meter or so wide of cross-bedded sandstone and pebble
conglomerate have gradational to sharp, ragged contacts with the
enclosing conglomerate (Fig. 15). These are interpreted to be
di srupted, originally continuous bedded sequences. The
Douglas Island conglomerate is less homogeneous than the Oak
Bay and Addison conglomerates.
Clasts range from well rounded to subangular (Fig. 16). As
a whole, rounding is poorer than in the Oak Bay and Addison
conglomerates. Sorting is poor, ranging from pebble sizes to
boulders as large as 35 cm in diameter. Most clasts are in the
5-15 cm range, reflecting proportionately more large clasts than
in the Oak Bay and Addison conglomerates.
The conglomerate is clast-supported. The interstitial matrix
consists of an unsorted mixture of sand, grit, and pebble sizes
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Figure 17. Thin section (crossed nicols) of a granophyre clast in the
Douglas Islands conglomerate. White is quartz, gray is dusty, altered,
zoned plagioclase; and black quartz or plagioclase crystals at extinction.

Figure 15. lrregualr tabular block of sandstone, probably a remnant of
a disrupted sandstone layer, in the Douglas Islands conglomerate.
Hammer is 15 cm long.

quartz-albite-homblende g ranophyre (Fig. 17); medium grained
allotriomorphic granite; several varieties of devitrified volcanic
prophyries, some flow-banded, with phenocrysts of quartz
and/or feldspar; amygdaloidal basalt; basalt with a diabasic
texture of plagioclase laths, possibly dike rock; poorly sorted
recrystallized quartzite with sutured grain contacts; vein quartz
mosaics; and sheared shale and siltstone. Many of the clasts,
including granitic ones, are cataclastically deformed and recrystallized, suggesting derivation from a major shear zone. The
feldspars are largely dusty albitized plagioclase; once glassy
volcanic rocks are devitrified, and original ferromagnesian
minerals are now chlorite and epidote. Some late epidote and
recrystallization of quartz may reflect thermal metamorphism
from the neighboring granitic plutons.
The general mixture of clast lithologies is like that of the
Oak Bay conglomerate, but with more varieties of granitic rocks
and fewer arkosic clasts. The Addison conglomerate also has a
variety of granitic clasts. The Addison and Douglas Island
conglomerates are separated by only about 15 km of granitic and
gabbroic plutons and might well be parts of the same conglomerate body.

Figure 16. Conglomerate at the Douglas Islands. Note mixture of
rounded and subangular clasts, poor sorting, and pebbly matrix. Hammer is 15 cm long.

Conglomerate at Turtle Island

largely of quartz, albitized plagioclase, vein quartz, and lithic
fragments of rocks like those of the enclosing clasts.
Counts on the outcrop using hand lens identification give
average clast compositions of 50% felsic volcanic rocks, 10%
mafic volcanic rocks, 20% granitic rocks of several varieties, and
20% quartzite, arkosic sandstones, siltstones, vein quartz, and
unidentified. Study of 20 thin sections chosen to be representative of the clasts and matrix identified the following rocks:

The conglomerate on Turtle, Flat, and Heron Islands west
of Schoodic (Figs. 1, 18) rests unconformably on a basalt of
uncertain age and is overlain conformably by thick arkosic
sandstones interpreted to be the lower part of the Bar Harbor
Formation (Metzger, 1979).
The age of the Turtle Island conglomerate is uncertain. The
stratigraphic position of the underlying amygdaloidal basalt is
unknown. Similar basalts do not occur in the Lower Devonian
(Brookins et al., 1973) Cranberry Island volcanic section 15 km
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to the southwest. Very similar basalts crop out along the shore
south of Steuben 15 km to the northeast, but are isolated in
granite. The greenstone of Flanders Bay (Gilman and Lash,
1988) may be correlative. Basalts within the Cambrian? to
Ordovician? Ellsworth Formation to the north are completely
recrystallized to well foliated amphibolites.
The overlying Bar Harbor Formation has yielded no fossils.
Metzger and Bickford (1972) correlated it on lithologic
resemblances to the fossiliferous mudstones and siltstones on
Flint Island and concluded it was of middle Silurian age.
Metzger et al. (1982) reported a Rb-Sr whole rock age of 408±27
Ma for a felsite in the Bar Harbor Formation at Ireson Hill on
Mount Desert Island, an age about on the Silurian-Devonian
boundary according to the DNAG Time Scale (Palmer, 1983).
However, Lux (pers. commun., 1988) reported a 418-420 Ma
argon release age (Ludlovian according the DNAG 1983
Geologic Time Scale) for the Somesville and Cadillac granites
on Mt. Desert Island. The Cadillac intrudes the Bar Harbor
Formation which, thus, should be no younger than Ludlow.
The basal unconformity of the conglomerate is well exposed
on the southwest comer of Spectacle Island. The underlying
basalt has numerous amygdules of quartz and epidote, replacement clots of epidote, and numerous veins of quartz and epidote.
Thin section study shows that the basalt consists of an unfoliated
mass of finely granular epidote and felty intergrowths of actinolite. The absence of evidence of original textures suggests
that the basalt originally was largely glassy. In several places on
Spectacle Island, very amygdaloidal flow tops define open,
upright folds with axial planes parallel to a northeast-striking
vertical fracture cleavage which is marked also by flattening of
the amygdules locally.
The very irregular erosion surface on the basalt has a relief
of up to one meter (Fig. 19). The conglomerate immediately
above the unconformity has angular blocks of the basalt up to a
meter long in a very unsorted matrix of smaller angular blocks,
subangular pebbles and cobbles of epidote clots and vein quartz
from the basalt, plus a few well-rounded felsic pebbles like those
in the bedded conglomerate on Flat Island.
The bulk of the conglomerate crops out along the shores of
Flat, Heron, and Turtle Islands and has two markedly different
facies. On Heron and Turtle Islands the conglomerate is coarse
and unstratified. On Flat Island a well bedded sandstone, grit,
and pebble conglomerate facies underlies the massive facies.
The bedded facies on Flat Island displays lensing beds, some
cross-bedded, of sandstone, grits, and pebble conglomerate. In
general, the larger the grain size the thicker the lens. Sandstone
and grit beds are under 20 cm thick, whereas pebble conglomerate beds with clasts up to 6 cm range to a thickness of 40
cm. Sorting within pebble beds is good, sizes generally remaining within two or three magnitudes. The pebbles and small
cobbles are very well rounded and some of the latter are discoid
and have a consistent imbrication. The pebbles and small cobbles are closely packed, the sandy matrix filling the interstices
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Figure 19. Unconformable contact on Spectacle Island between the
basalt beneath and basal coarse boulder beds of the Turtle Island
conglomerate. The end of the head of the hammer and the end of the
handle mark the erosion surface. Note its angular reli ef. The crack near
the end of the hammer is a joint, not a fault. The hammer is 15 cm long.

Figure 20. The Turtle Island conglomerate on Turtle Island. Note the
poor sorting and mixture of rounded and subangular clasts. The matrix
is largely of closely packed pebbles. Hammer is 12 cm Jong.

making up only about JO percent of the total volume. I interpret
this well bedded facies to be a gravel beach deposit.
This lower section grades over a distance of a meter or so
by decreasing stratification and increasing clast size into a massive boulder conglomerate that also has well rounded clasts
tightly packed with minimal sandy to gritty matrix. However,
sorting is poor, a mix of pebbles, cobbles, and boulders up to 40
cm in diameter.
The well-bedded conglomerate and the overlying massive
conglomerate on Flat Island share the same clast litholog ies.
Hand lens and thin section study indicate that about half the
clasts are felsic quartz and/or feldspar devitrified porphyries,
while the remainder is a mixture of fine-grained mafic dike
rocks, vein quartz, granular vein epidote, and small-pebble conglomerate. The absence of clasts derived from basalt like that
on Spectacle Island indicates that the latter had not yet been
uncovered, although perhaps some of the quartz and epidote
veins had penetrated the overlying felsic volcanic rocks and were
eroded with them.
The massive conglomerate on Heron Island is an upward
continuation of that on Flat Island. The two massive conglomerates together are about 30 m thick. The Heron Island
conglomerate is unstratified, except for a few thin and discontinuous lenses of pebble conglomerate. Clasts are well rounded
to subangular, range from pebble size to boulders 60 cm in
diameter, and form a tightly fitting clast-supported framework.
The matrix is composed of grains of quartz and feldspar together
with lithic fragments reflecting the lithologies of the clasts.
Unlike the massive conglomerate on Flat Island, the clasts on
Heron Island are largely of amygdaloidal basalt and epidote clots
derived from basalt like that on Spectacle Island, mixed with
clast lithologies like those on Flat Island. Apparently the basalt
was suddenly uncovered and exposed to rapid erosion.

The conglomerate (Fig. 20) on Turtle Island is mapped as a
continuation of that on Heron Island offset by a fa ult (Fig. I 8).
It has the same overall lithology except that boulders of basalt
reach a maximum size of 95 cm. Exposed stratigraphic thickness
along the shore is about lO m.
The overlying arkosic beds of the Bar Harbor Formation
drape over boulders protruding from the top of the conglomerate.
Emplacement of the latter ceased abrubtly. On Turtle Island the
massive and generally homogeneous beds of arkosic sandstone
are up to 4 meters thick and are delineated by intervening I 0-50
cm thick composite beds of laminated siliceous si ltstone and
bedded sandstone. Some of the thick beds contain scattered
rounded pebbles of vein quartz, felsic volcanic rocks, and finegrained pink granite as well as scattered discontinuous lenses of
slump-deformed pebbly mudstone, sandstone, and pebble cong lomerate. Simi lar, but less thickly bedded sedimentary rocks
overlie the conglomerate on Heron Isla nd. These massive arkose
units have some of the properties of grain flows (Stauffer, 1967).
Study of thin sections shows that the coarse sandstones a re
poorly sorted mixtures of angu lar quartz, albitized plagioclase,
and much altered perthite(?) grains plus granules of granophyre,
ve in quartz, and an enigmatic granular quartz-epidotehornblende rock that may be a contact metamorphosed carbonate.
The conglomerate has an inherited hydrothermal alteration
in the felsic volcanic clasts and a thermal metamorphism in the
basaltic clasts like that of the underlying basalt. A post-depositional thermal metamorphism has produced fine grained biotite,
epidote, and blue-green hornblende in some clasts and in the
matrix. This late r metamorphism also has produced epidote and
hornblende in the arkosic sedimentary rocks. It is probably
related to intrusion of the Schoodic granite exposed on
Grindstone Neck.
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Conglomerate at Flanders Bay
Gilman and Lash (1988) describe a Silurian roundstone
conglomerate at Flanders Bay. A brief summary of their paper
is included here for the sake of completeness.
The conglomerate and associated pebbly siltstones unconformably overlie a greenstone composed largely of actinolite and
epidote having numerous epidote veins and a faint foliation. It
is considered to be Silurian?, but has not as yet been identified
elsewhere in coastal Maine. Siltstones of the Bar Harbor Formation stratigraphically above the conglomerate crop out along
the shore within l 00 meters and have a dip and strike parallel to
that of the unconformity.
The conglomerate, a few meters thick and apparently discontinuous along the contact with the greenstone, has wellrounded clasts mostly smaller than 6 cm in diameter along with
a few as large as 30 cm in a clast-supporting matrix of mudstone
and siltstone. It is unstratified. Clasts of the underlying
g reenstone are absent.
Gilman and Lash ( 1988) concluded that the clasts originated
from erosion of a volcanic upland and were transported by
stream systems to the margin of a down-faulted basin in which
the turbidite sediments of the Bar Harbor Formation subsequently were deposited. Debris flows carried the wellrounded clasts down across the marginal fault scarp and out onto
the greenstone floor of the basin.
They note that the conglomerate at Flanders Bay occupies
the same stratigraphic position at the base of the Bar Harbor
Formation as the Turtle Island conglomerate. There is some
basis for speculation that the correlation is even more direct. The
faintly foliated greenstone at Flanders Bay has a mineralogy like,
and a foliation parallel to, that of the basalt at Spectacle Island.
The Flanders Bay conglomerate may be the distal part of the
Turtle Island conglomerate, particularly the lower bedded pebble
conglomerates o n Flat Island which have largely felsic clasts. If
so, the basin in which the Bar Harbor Formation accumulated
has a common mafic greenstone-basalt floor at least 15 km
across that matches no known section of mafic pre-Silurian,
Silurian, or Lower Devonian rocks in coastal Maine.

ORIGIN OF THE CONGLOMERATES
Properties common to the roundstone conglomerates imply
that they share some common genetic history. The variety of
clast lithologies indicates erosion of a volcanic province sufficiently large to encompass a variety of volcanic rocks, subjacent
granites, and volcaniclastic feldspathic sedimentary rocks.
These many kinds of clasts must have been brought together and
mixed. These processes require a flu vial drainage network. The
generally large size of the clasts necessitates mass-wasting such
as talus accumulation and creep to deliver large blocks to the
drainage system, suggesting steep valley slopes. Transportation
of cobbles and boulders require fast moving streams on steep
gradients; and the excellent rounding implies residence in a high
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energy environment such as mountain streams. The pebbles,
cobbles, and boulders of the roundstone conglomerates must
have begun life as fluvial gravels in a highland terrain where
streams cut steep-sided valleys into a volcanic landscape.
Most of the conglomerates also share some lithologic characteristics that suggest some common elements in the mode of
emplacement. Except for the basaltic clasts in the Turtle Islands
conglomerate and perhaps some rhyolite pebbles in the Douglas
Islands conglomerate attributable to the Pond Island rhyolite, the
clasts represent detritus imported from elsewhere, not locally
manufactured from the rocks on which the conglomerates rest.
All carry a poorly sorted mixture of generally well rounded clasts
in a thick unstratified depositional unit without sedimentary
structures except for vaguely defined areas of slightly different
grain size or disrupted bedded sandstones. There are some
differences in matrix materials and amount. The Oak Bay conglomerate has a feldspathic sandy to gritty matrix which, in most
places, is clast-supporting; the Addison conglomerate has a
clast-supporting matrix richer in silt than the Oak Bay cong lomerate; and the Douglas Islands conglomerate has a relatively sparse, coarsely elastic infilling rather than a clast-supporting
matrix. These disorganized-bed conglomerates (Walker, 1975)
or disorganized gravels (Pickering et al., 1986) are generally
attributed to transportation and deposition as gravity-powered
mass movement debris flows (Larsen and Steel, 1978; Gloppin
and Steel, 1981; Wescott and Ethridge, 1980, 1983; Pickering et
al., 1986) The general mechanism of debris flowage applies to
mass movement of a variety of materials including muds, sands,
and pebbly muds as well as disorganized gravels.
In debris flows, clast dispersion by collision, pore fluid
pressures, and matrix mud, silt, and sand provide support and
lubrication during movement; flow age on the scale of the whole
moving mass has been termed viscous, plastic, or laminar; and
deposition occurs by frictional freezing when the shear strength
of the moving mass exceeds the gravitational shear stress because of decrease of slope, expulsion of pore fluids, or increase
of pressure due to an increase in thickness (Dott, 1963; Fisher,
1971; Hampton, 1972; Lowe, 1982; Pickering et al., 1986).
Among resedimented conglomerates, disorgani zed ones are a
minority, and many have some stratification such as normal
grading or inverse-to-normal grading as well as alignment or
imbrication of clasts (Walker, 1975).
Environments of deposition for disorganized and other
resedimented conglomerates include alluvial fans and fan-deltas
(Hooke, 1967; Gloppin and Steel, 1981 ; Wescott and Ethridge,
1980, 1983; Flint et al., 1986), delta marine slopes (Wescott and
Ethridge, 1980, 1983; Carter and Norris, 1977), and submarine
deep water fans and braided channels at the base of continental
or regional slopes fed by turbidity currents (Walker, 1975; Hein
and Walker, 1982). The coarsest, least organized conglomerates
occupy proximal positions at the apex of the various types of
fans. T he resedimented conglomerates are only one facies in the
package of bedded pebble conglomerates, sandstones, siltstones,
and mudstones that constitute any particular fan.
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Alluvial fans and fan-deltas associated with disorganized
conglomerates send a tectonic signal because they form along
normal faults or strike-slip faults dividing a source highland from
the adjacent basin (Nemec et al., 1980; Gloppin and Steel, 1981;
Wescott and Ethridge, 1980, 1983; Pickering, 1984 ). Alluvial
fans may also border highlands riding on thrust faults (Decelles
et al., 1987).
The three thick massive conglomerates, the Oak Bay, Addison, and Douglas Islands, have the characteristics of debris
flows, but differ from those described in the literature in several
ways. They are much thicker single depositional units than
commonly present in the various fan types which are generally
within the 1-10 m range and rarely as much as 50 m. They also
are not interlayered with an associated package of finer-grained,
well-bedded elastic sediments. Furthermore, emplacement apparently began abruptly, was continuous, and ended abruptly.
Deposition of the Oak Bay conglomerate began on a thin skim
of mud over bedrock without precursor sedimentation. The
undisturbed basal pebbly mudstone and thin mudstone lens at its
base suggests that the clasts at the base of the debris flow were
fully suspended in and dropped out of the matrix when motion
had stopped or almost stopped. The base of the Douglas Islands
conglomerate is a narrow transition zone from well-bedded
arkosic sandstones and pebble conglomerates to the overlying
coarse massive conglomerate. Bedded arkosic sandstones cap
the conglomerate of the Oak Bay Formation, and thinly bedded
siltstones overlie the Addison conglomerate. Although the intervening rocks are not exposed, the bedded pebble conglomerate
and mudstone on Bois Bubert Island overlying the Douglas
Islands conglomerate may also indicate a relatively abrupt end
to conglomerate emplacement.
Figure 21 illustrates the proposed model forthe origin of the
three thick unstratified conglomerates. Accumulation of thick
alluvial fans or fan deltas along fault scarps and fed by streams
eroding a volcanic highland was followed by an episode of
renewed faulting, possibly with associated earthquakes, and
uplift that destabilized the fans. They slid towards and into the
adjacent basins as debris flows, mixing the various facies of the
parent fans and absorbing water as lubricants when they became
subaqueous. The conglomerates thus began as landslides or a
series of landslides of unconsolidated coarse fan detritus.
The Addison debris flow went furthest into the muddy floor
of a marine basin, stirring in muds and silts to build up its
predominantly silty clast-supporting matrix. After emplacement, the deposition of muds and silts continued. The benthonic,
relatively shallow water brachiopod fauna of the Waweig Formation suggests that the underlying Oak Bay debris flow moved
down a proximal marine shelf or slope coming to rest on a
submarine exposure of phyllite of the Cookson Formation that
perhaps prior to the faulting was eroded and swept clean by wave
action above wave base. The largely sandy to gritty matrix of
the conglomerate of the Oak Bay Formation is a mixture of fan
components and shallow water sand sediments. The Douglas
Islands conglomerate moved the least, perhaps only enough to

override the outer slope of the parent fan preserved as the
underlying coarse bedded elastics on Pond Island. Mixing offan
facies and incorporation of fine grained elastic sediments to build
up a matrix was less than in the Addison and Oak Bay debris
flows.
Reduction of the parent fans to stable dimensions by the
landsliding and the return of relative tectonic quiescence
presumably brought the debris flow activity to an abrupt halt.
The three thick conglomerates represent continuing, relatively
brief, and localized episodes of landsliding. Figure 21 illustrates
the proposed geologic processes and events responsible for the
thick conglomerates, but is not meant to imply that they all were
once part of a single system in space or time.
A somewhat different model (Fig. 22) applies to the Turtle
Island conglomerate, although like the conglomerates of the
previous model, deposition occured in a single continuing
episode initiated by faulting. An initial pebbly beach, perhaps
along the margin of a fan delta fed by streams eroding a felsic
volcanic area, was abruptly down-dropped along a fault that
exposed the basaltic bedrock originally beneath the beach in a
fault-scarp cliff on the upthrown block. Initially, felsic cobbles
and boulders of the beach or fan, if present, were swept seaward
over the now submerged pebble beach by increased stream
velocities and perhaps wave erosion and transport. Soon, however, waves began eroding the basaltic cliff and the resulting
coarse basaltic debris spread as subaqueous talus and scree over

a)

Figure 21. Sketch illustrating the proposed origin of the Douglas
Islands, Oak Bay, and Addison conglomerates. In (a) a thick alluvial
fan or fan delta accumulates along a fault scarp bordering a highland.
In (b) an episode of renewed faulting destabilizes the fan, initiating
landslides that become debris flows. It is very unlikely that the three
conglomerates were emplaced at the same time as parts of the same
down-slope transportation system. No scale.
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Figure 22. A sketch illustrating the proposed origin of the Turtle Island
conglomerate as explained in text. No scale.

the original beach deposits. Submergence of the cliff abruptly
halted deposition of the coarse basaltic material.
The poorly exposed Wesley conglomerate appears to be part
of a package of bedded pebble conglomerates, volcanically
derived sandstones and tuffaceous sediments, and siltstones that
grades upward into the overlying chlorite schists of the Waweig
Formation. It may be a relatively intact part of a fan delta
complex.

western New Brunswick would provide a nearby source for
clasts in the Oak Bay Formation and the conglomerate at Wesley.
The Avalonian rocks of the Boston Basin also have a variety
of late Precambrian and Cambrian felsic and mafic volcanic
rocks, sedimentary rocks, and granitic rocks that have low
metamorphic grade and little deformation (Billings, 1976; Kaye,
1980, 1984; Hepburn et al., 1987; Socci and Smith, 1987).
Gravity and aeromagnetic signatures and deep seismic profiling
indicate that the Avalonian rocks of the Boston Basin trend
northeastward beneath the Gulf of Maine, linking up across a
zone of multiple faults with the Avalonian rocks of southwestern
New Brunswick (Hutchinson et al., 1988). This offshore belt of
Avalonian rocks conceivably might be the provenance of the
Addison and Douglas Islands conglomerates.
The conglomerates testify to uplift and faulting in or adjacent to the coastal volcanic belt in the Silurian, but more
definitive conclusions about the tectonic regime await additional
field research into the provenance of the conglomerates. Until
then, two alternative tectonic implications are viable. The conglomerates may point to block faulting in an extensional tectonic
setting during Silurian volcanism, confirming the conclusions of
Gates and Moench ( 1981 ). On the other hand, the conglomerates
may be clues to major regional faulting within or marginal to the
suspect Avalonian terrane during its final emplacement.

TECTONIC IMPLICATIONS
ACKNOWLEDGMENTS
The provenance of the roundstone conglomerates was a
bimodal volcanic highland with subjacent granitic rocks which
had not been recrystallized and penetratively deformed regionally, was close enough to supply large boulders, and was older than
middle to upper Silurian.
Two presently exposed lithologic provinces in coastal
Maine and southwestern New Brunswick meet these specifications. The roundstone conglomerates may testify to erosion of
lower to middle Silurian volcanic and associated sedimentary
rocks of the coastal volcanic belt. Although most dated granitic
plutons of the coastal belt are Early to Middle Devonian
(Acadian) in age, recent dating has confirmed Silurian granites.
The argon release ages of 418-420 Ma (Ludlow) for the Somesville and Cadillac granites (Lux, pers. commun., 1988) on Mt.
Desert Island suggest that dating of more granites may identify
others of Silurian age that might have contributed granitic clasts.
An alternative provenance is the Avalonian terrane of the
Long Reach-Saint John area of southwestern New Brunswick
(Nance, 1986; McCutcheon and Ruitenberg, 1987; Currie,
1988). Late Precambrian to Cambrian rocks include a variety of
felsic , basaltic , and generally feldspathic volcaniclastic
sandstones together with Precambrian granitic plutons and
granophyric dikes, many of which are oflow metamorphic grade
and not penetratively deformed. Clasts in both Cambrian and
lower Silurian conglomerates include felsic and basaltic volcanic rocks and sparse granophyres, a mix much like that of the
conglomerate of the Oak Bay Formation. These rocks of south-
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ABSTRACT
Metasediments from portions of two terranes in the Penobscot Bay area of coastal Maine shared a common
history of four phases of ductile deformation (Dt to D4). The lithologies involved are the Late Precambrian(?) to
Ordovician(?) aged Copeland Formation, including the Rider Bluff Member, at the eastern margin of the Passagassawakeag terrane, and the Silurian(?) to Devonian(?) aged Bucksport Formation of the adjacent Bucksport terrane.
D1 (early Acadian?) produced tight to isoclinal folds with axial plane foliations that deform all three sedimentary
units and the contacts between them. These units and, therefore, the Passagassawakeag and Bucksport terranes,
must have been together by the time of D1 at the latest. No observed structural or metamorphic gradient coincides
with this terrane boundary in the Penobscot Bay area. A static thermal event (M1.2) of granitic plutonism (412±14
Ma, Stricklen Ridge granite) and porphyroblast growth occurred between D1 and D2. D2 (Acadian) produced open,
upright folds and a strong, hinge-parallel elongation lineation under upper greenschist to lower amphibolite
conditions. D3 ductile strike-slip shear zones formed under greenschist facies to lower amphibolite conditions, and
D4 open, steeply-reclined folds formed under greenschist facies conditions. DJ and D4 appear to be related to the
same stress system as the dextral strike-slip Norumbega fault zone (Alleghenian) and probably represent a
continuum of deformation. Late brittle faults exploit DJ shear zones and may also be related to the same stress
system.

INTRODUCTION
The geology of the Maine coastal region is composed of six
terranes (Stewart and Wones, 1974) (Fig. 1). The boundaries
between these terranes (Fig. 1b) have been variously interpreted
as strike-slip, normal, thrust, or reverse faults (Stewart and
Wones, 1974; Wones, 1976, 1978; Wones and Stewart , 1976;

Loiselle and Wones, I 983; Gates et al., 1984; Osberg et al.,
1985). Predominantly Lower and Middle Paleozoic movements
have been interpreted for the faults because they bound Lower
and Middle Paleozoic rocks (Stewart and Wones, 1974) and are
intruded by various Devonian and younger plutons (Fig. I b)
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Figure I. Geology of coastal eastern Maine. (a) Index map of Maine (after Osberg et al., 1985). BM, Boundary Mountains
anticlinorium; KCM, Kearsarge-central Maine synclinorium. Outlined area containing diagonal lines is enlarged in b. (b) Regional
geology of coastal Maine (after Osberg et al., 1985; Stewart et al., 1986). C, Canada; Ff, Fredericton trough; NFZ, Norumbega fault
zone; TFZ, Turtle Head fault zone; L, Lucerne pluton; W, Mount Waldo pluton; PB, Penobscot Bay; SB, Sheepscot Bay area. Area
outlined is enlarged in Figure 2.

(Wones, 1974). Carboniferous through Triassic and Jurassic
fault reactivations have been postulated for the Norumbega fault
zone because it truncates some Devonian granitic plutons (Fig.
I b) and because Triassic and Jurassic sedimentary basins have
been interpreted as forming during fault movements (Wones,
1978). Although this framework is generally accepted by New
England geologists, specific details are unknown. lntraterrane
correlations are often tenuous, the nature of terrane boundaries
is still uncertain, and specific ages of sediment deposition and
metamorphism are largely unknown.
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The boundary between the Passagassawakeag and Bucksport terranes (Fig. 1b) has been described both as tectonic
(Stewart and Wones, 1974; Kaszuba and Wones, 1985; Osberg
et al., 1985) and lithologic (Wones, 1976). This paper presents
the results of a detailed structural analysis at the boundary
between these terranes in a portion of the Penobscot Bay area to
the west of the Lucerne pluton (Figs. I, 2). The implications of
these data for the nature of this terrane boundary and for the
structural and tectonic evolution of the study area and the coastal
Maine region as a whole are then discussed.

Polyphase deformation, coastal Maine
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Figure 2. Simplified geologic map of study area. See Figure 1 for location. Cross section highly schematic, vertical dimension not
to scale. Data for Lucerne pluton from Wones ( 1980).
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GEOLOGY OF PENOBSCOT BAY AREA
The Penobscot Bay area of coastal Maine contains five
terrane s, the Vassalboro , Passagassawakeag, Bucksport,
Penobscot, and Ellsworth terranes (Stewart and Wones, 1974;
Zen, 1983; Gates et al. , 1984; Osberg et al., 1985) (Fig. lb).
"Terrane" as used in thi s paper is defined by Coney et al. ( 1980)
as a rock package characterized by internal homogeneity and
continuity of stratigraphy, tectonic style, and history. Boundaries between terranes are discontinuities not explained by
facies changes or unconforrnities.

Vassalboro Terrane
The Silurian Vassalboro Formation (Perkins and Smith,
1925; Osberg, 1968, 1979; Pankiwskyj et al., 1976) constitutes
the Vassalboro terrane in the Penobscot Bay area (Fig. lb). The
Vassalboro Formation is a slightly calcareous wacke containing
thin, interbedded quartz-mica sulfide-bearing phyllite/schist
(Osberg, 1968; Stewart and Wones, 1974).

Passagassawakeag Terrane
Southeast of the Vassalboro terrane lie the complexly folded
and metamorphosed rocks of the Passagassawakeag terrane (Fig.
I b ). In the Penobscot Bay area, this terrane is composed of the
Passagassawakeag Formation, including the Mixer Pond Member, the Cope land Formation, including the Rider Bluff Member,
and the Stricklen Ridge granite, but only the latter three units
crop out in the study area (Fig. 2). The Passagassawakeag
Formation (Bickel, 1976) is a quartz-feldspar-biotite gneiss containing sillimanite-bearing metamorphic assemblages intercalated with layers and boudins of biotite schist (Stewart and
Wones, 1974; Bickel, 1976; Guidotti, 1985). The Mixer Pond
Member of the Passagassawakeag Formation (Bickel, 1976) is
a light-colored , feldspathic quartz-oligoclase-microcline gneiss
interlayered with the Passagassawakeag Formation. It also
crops out within fault-bounded slices within the Norumbega
fault zone.
The Copeland Formation (Trefethen, 1950; Wing, 1957)
(Fig. 2) is composed of interlayered, bluish-gray pelitic schist
and quartzite (Fig. 3a). It crops out in the study area (Fig. 2) near
the eastern margin of the Passagassawakeag terrane and extends
ca. 10 km to the southwest within fault-bounded sl ices of the
Norumbega fault zone. Compositional grading of layers in this
unit from quartzite to pelite on individual outcrops (Fig. 3a), and
from east to west across the study area, is interpreted to represent
bedding. The Copeland Formation has been correlated on the
basis of similar lithologies (Wones, 1976; Loiselle and Wones,
1983) with the Hogback Schist (Perkins and Smith, 1925; Bickel,
1976) and the Ordovician Appleton Ridge Formation (Bickel,
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1976; Brookins, 1976) (both located 10-12 km west of the Mount
Wa ldo pluton, Fig. 1b), and the Late Precambrian to Ordovician
Cape Elizabeth Formation of the Sheepscot Bay area (Hussey,
1968, 1985; Brookins and Hussey, 1978) (Fig, lb). The contact
between the Copeland and Passagassawakeag Formations is not
exposed in the study area. It is not known whether this contact
is lithologic or tectonic, and the relative structural position
between these two units is also unknown.
The Rider Bluff Member (informal usage by Stewart and
Wones, 1974; Wones, 1976) of the Copeland Formation is a
g reen, finely-laminated pelitic siltstone. It occurs only in the
study area, where it crops out as a <2 km-wide, discontinuous
belt along the eastern margin of the Cope land Formation (Fig.
2). Local magnetite- or garnet-rich layers may represent bedding. It has been assigned to the Copeland Formation on the
basis of lithological similarities (Wones, unpublished data).
Kaszuba and Wones ( 1985) interprete d the Rider Bluff Member
as ductilely deformed Copeland Formation. Subsequent work
revealed that the two units are lithologically distinct where
undeformed, but that ducti lely deformed Rider Bluff Member is
almost indistinguishable from deformed Copeland Formation.
No fossils have bee n found in the Rider Bluff Member, and no
radiometric dating has been attempted. The contact between the
Rider Bluff Member and the Copeland Formation is not exposed.
The area on Figure 2 showing the extent of Stricklen Ridge
granite (informal usage by Stewart and Wones, 1974; Wones,
1974, 1976) outlines the occurrence of a two-mica, garnet-bearing leucogran ite that intruded the Copeland Formation and Rider
Bluff Member as dikes, sills, and very small stocks. The regional
stratigraphy is traceable through the area intruded by granite.
Overall, the granite comprises less than one-eighth of the total
map area o utlined as Stricklen Ridge granite except where two
stocks of granite crop out (Fig. 2). Within these two stocks, the
granite comprises from 50% to 90% of the total map area. Dikes
of Stricklen Ridge granite have been assigned a 412+ 14 Ma age
based on concordant U-Pb data from zircons (Zartman and
Gallego, 1979).
The Vassalboro and Passa gassawakeag terranes are
separated by the Norumbega fa ult zone in the northe rn Penobscot
Bay area (Wones and Stewart, 1976) and by a thrust fault farther
to the southwest (Fig. lb). The Norumbega faul t zone is a
steeply-dipping, northeast-trending zone of ductile and brittle
deformation (Devonian or younger) which consists of five distinct fault traces (Johnson and Wones, 1984). These fault traces
bound slices of the units through which the fa ult extends. At
least 13 km of right-lateral strike-slip movement is suggested by
displacement of a Devonian syenite body north of the Lucerne
pluton (Osberg et al., 1985). Johnson and Wones (1984) suggest
ca. 35 km of right-lateral offset along the fa ult zone and a
component of south-side-up dip-slip movement based on best-fit
conside rations of units across it. Loiselle and Wones ( 1983) first
suggested that the Norumbega fa ult zone is a major crustal
fracture at depth, separating two differe nt source regions for
p lutoni c rocks exposed on either side of the fault zone.
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Figure 3. Field relationships in study area. (a) Compositional grading of So from quartzite (Q) to pelitic schist (P) in a horizontal
pavement of Copeland Formation. Knife 8.5 cm long. (b) View to northeast of subvertical outcrop face of Bucksport Formation.
Fi fold deforms So. St is axial planar to Fi. Quartz-filled fractures crosscut So, St , and Fi. Coin 2.4 cm diameter. (c) Horizontal
pavememt in Copeland Formation. Fi fold deforms So and is cut by pegmatite of Stricklen Ridge granite (G). Coin 2.4 cm diameter.
(d) Horizontal pavement of Copeland Formation. Fi isocline (arrowhead), Si axial plane foliation, and So (Q, quartzite; P, pelite)
deformed by open F4 fold. Hammer 32 cm long.

Bucksport Terrane
The Bucksport terrane (Fig. I b) is composed of the Bucksport Formation (Trefethen, 1950; Wing, 1957), a greenschist
facies calcareous siltstone that is finely-laminated and sometimes interlayered with sulfide-bearing pelite beds. This unit is
recognized from southwest of Sheepscot Bay to the Lucerne
pluton (Fig. 1b). In the study area, it crops out between the
Passagassawakeag terrane and the Lucerne pluton (Fig. 2). The
Bucksport Formation is lithologically similar to the Silurian
Vassalboro Formation and has been correlated with it (Stewart
and Wones, 1974; Wones, 1976, 1980; Osberg, J 980; Loiselle
and Wones, 1983; Gates et al., 1984; Hussey, 1984). However,
no fossils are found within the Bucksport Formation, and it
cannot be traced directly into the Vassalboro Formation. Correlations are based strictly on lithologic similarities between
units that occur on either side of the Norumbega fault zone. The

Late Silurian to Early Devonian Flume Ridge Formation
(Ruitenberg, 1967; Ruitenberg and Ludman, 1978), part of the
Fredericton trough (Fig. I b), has also been correlated with the
Bucksport Formation based on lithologic similarities (Wones,
1980; Ludman, 1981 ; Gates et al., 1984).
The boundary between the Passagassawakeag and Bucksport terranes in the Penobscot Bay area has previously been
interpreted as a normal or reverse fault (Stewart and Wones,
1974), an unconformity (Wones, 1976), and a thrust fault (Kaszuba and Wones, 1985; Osberg et al., 1985). To the southwest
in the Sheepscot Bay area (Fig. lb), the Passagassawakeag
terrane has been interpreted to structurally overlie the Bucksport
terrane along a premetamorphic thrust fault (Hussey, 1985). The
boundary is not exposed in the study area and no observed strain
gradient or structural discontinuity coincides with it. The boundary between the Vassalboro and Bucksport terranes is the
Norumbega fault zone (Fig. lb) (Stewart and Wones, 1974).
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TABLE

I.

CHARACTERISTICS OF DEFORMATIONAL AND METAMORPHIC EVENTS. NFZ, NORUMBEGA FAULT ZONE.

~
re

Dl

D2

M1·2

DJ

D4

Brinle

Structures

- F1 folds
- S1axial plane
foliation
- rare L1mineral
Ii neat ion

-porphyroblasts
overgrow S1

- F2 folds
- Lz mineral
lineation and
crenulation
- weak S2 axial
plane foliation

- ductile shear
zones
- LJ stretching
lineation
- S3 mylonitic
foliation and
compositional
layering

- F4 folds
- weak L4
mineral
lineation and
crenulation
- weak S4 axial
plane foliation

- brittle joints
and faults
- slickensides
- veins tilled
with quartz±
hematite

Metamorphic
conditions

greenschist (?)

amphibolite

upper
greenschist to
lower
amphibolite

upper
greenschist to
lower
amphibolite

greenschist

sub-greenschist

Relative timing

pre-Stricklen
Ridge granite
intrusion

between Dl &
Di, syn-granite
(?) intrusion

post-granite
intrusion

post-L2

post-mylonite

after all ductile
deformation

Orogeny

pre-412± 14
Ma.early
Acadian (?),
possibly
Taconic (?)

Acadian {?),
-412±14Ma

Acadian

post-Lucerne
(380 ±4 Ma),
syn-NFZ,
Alleghenian

post-D3shear
zones, syn-NFZ,
Alleghenian

Penobscot Terrane
To the south of the Bucksport terrane, the Penobscot terrane
(Fig. lb) contains the Ordovician- to Silurian-aged Penobscot
Fonnation (Boucot et al., 1972; Smith et al., 1907), a graphitic,
sulfidic greenschist facies schist composed of interlayered
siltstone and petite (Stewart and Wones, 1974). The contact
between the Bucksport and Penobscot terranes has been interpreted as both a thrust fault (Loiselle and Wones, 1983; Gates et
al., 1984; Osberg et al., 1985) and an unconfonnity (Wones,
1976).

Ellsworth Terrane
Southeast of the Penobscot terrane lies the Ellsworth terrane
(Fig. I b). This terrane contains the polydeformed, Precambrianto Ordovician-aged Ellsworth Fonnation (Smith et al., 1907),
which is feldspathic and chlorite-rich (Stewart and Wones,
1974).
STRUCTURAL GEOLOGY OF THE
PASSAGASSAWAKEAG AND BUCKSPORT
TERRANE BOUNDARY ZONE

The boundary between the Passagassawakeag and Bucksport terranes (Fig. I b) separates Precambrian(?) to Lower
Paleozoic rocks to the west from Middle Paleozoic rocks to the
east. The nature of the contact between these two terranes is
therefore important to regional tectonic models for coastal
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Maine. For this reason, the mesoscopic and microscopic structures in the rocks that comprise the terrane boundary zone in the
Penobscot Bay area have been studied in detail (Fig. 2). Temporal relationships among different small-scale structures were
established in outcrop using overprinting relationships. Sets of
structures were correlated on the basis of orientation, style, and
position within temporal sequences. Microstructural characteristics of the various fabrics and the relationship of these
fabrics to metamorphic mineral growth were determined in thin
section. Using these methods, four major groups of structures
(0 1, 0 2, 0 3, and 0 4) (Table I) have been distinguished in the
study area (Fig. 2). A separate event of granitic plutonism and
thennal metamorphism (M1-2) is recognized and interpreted to
have occurred between 0 1 and 0 2 (Kaszuba, 1986) (Table 1).

D 1 Deformation
The earliest recognizable defonnation phase (0 1) (Table I )
produced F1 folds and a strong ax ial plane foliati on (S 1) (Figs.
2, 3b) defined by a uniform compositional layering. F1 folds
occur in the Copeland Fonnation, the Rider Bluff Member, and
the Bucksport Formation, but are prevalent in the Copeland
Formation in the southern part of the study area. They deform
bedding (So) (Fig. 3b) and are cut by dikes of Stricklen Ridge
granite in the Copeland Fonnation (Fig. 3c). Style and geometry
of folds vary among the three metasedimentary units in the area
(Table 2). F1 folds in the Copeland Formation are steeplyreclined to vertical (classification of Fleuty, 1964) and tight to
isoclinal (Figs. 3c, 3d). Their ax ial planes strike predominantly
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TABLE 2. CHARACTERISTICS OF FOLD GENERATIONS. FOLD CLASSIFICATION OF FLEUTY (1964).

F1

Style

Wavelength

Amplitude:
wavelength

Relative
abundance
Structures
it defonns

F2

Copeland
Formation

Rider
Bluff
Member

Bucksport
Formation

steeply
reclined
to
ve rtical ;
tight to
isoclinal

recumbent
to gently
reclined
isoclines

inclined;
tight

rarely
>0.Sm

rarely > 10
cm

4:1to8: 1

abundant

So

Copeland
Formation

Rider
Bluff
Member

F4
Bucksport
Formation

Copeland
Formation

Rider
Bluff
Member

Bucksport
Formation

upright to inclined; open to tight

s teeply reclined to vertical; open to tight

---

6cm to6 m

6 cm to 1.5 m

4:1to8:1

---

1:1to2:1

1:9 to 1:2

rare

rare

common

quartz
veins

So

S1

east-west (Fig. 4a), and fold hinges plunge steeply to the east
(Fig. 4b). F1 folds in the Rider Bluff Member are recumbent to
gently-reclined isoclines that deform quartz veins. In the Bucksport Formation, F1 folds are tight and inclined (Fig. 3b) with
hinges that plunge moderately to the northeast. Preliminary
work by Kaszuba and Wones (l 98S) did not recognize F 1 folds
in the Bucksport Formation.
Foliations measured in outcrops where fold closures are not
observed strike predominantly north-northeast and dip steeply
west (Fig. 4c) in contrast to the F1 axial plane data measured
within fold noses (Fig. 4a). These foliations may either be a
bedding-parallel foliation, which is common to the area and
relatively easy to recognize, or the S 1 axial plane foliation. The
SI is easily confused with the bedding-parallel foliation. Therefore the data plotted in Fig. 4c probably represent the beddingparallel foliation with a small component of S1. A point
maximum such as that displayed in Fig. 4c represents an isoclinal
sequence, one limb of a more open fold, or a homoclinal sequence. The data plotted in Figs. 4aand 4c preclude the presence
of an isoclinal sequence, and the presence of an open fold is
unlikely because there is no evidence for the existence of the
other limb. So/S 1(?) measurements (Fig. 4c) therefore represent
a homoclinal sequence, and this subvertical section of stratigraphy within the study area is folded in places by F1.
S1 compositional layering in the Copeland Formation is
defined by alternating quartz- and mica-rich layers up to S mm
thick. Plagioclase (Am 1-28) exhibits undulatory extinction and
larger grains contain subgrains along their margins. Quartz
contains undulatory extinction, elongate 20-40 µm diameter
subgrains and recrystallized new grains, deformation bands, and

S1, L1

abundant

So.Si

So, S1, F1,
S3

rare

S1

common

S1, F1

core-and-mantle structures (White, 1973, 1976). In mica-rich
layers, plagioclase and quartz grain boundaries are pinned by
adjacent micas and the resultant elongate grains are oriented
subparallel to S 1. S 1 is enclosed in porphyroblasts interpreted to
have grown between D1 and D2 (Kaszuba, 1986) (event labeled
M1-2, see Table 1). In quartz-rich layers, quartz grain-shape
preferred orientations (elongate subgrains and recrystallized
new grains) and deformation bands are parallel to axial planes
of F1 (Fig. Sa) and F4 microfolds, a texture also developed in the
Rider Bluff Member and calcareous Bucksport Formation.
Quartz veins in the Copeland Formation and Rider Bluff Member are sometimes flattened within S1 and extended parallel to
quartz rods that define an L 1 mineral lineation.
S1 compositional layering in the Rider Bluff Member is
defined by millimeter-scale quartz- (90% quartz) and chloriterich (SO% quartz, SO% chlorite) laminae. Magnetite-rich
laminae, 0.1-0.3 mm diameter elongate quartz and plagioclase
grains, and fibers of chlorite and white mica are preferentially
oriented parallel to S 1. Plagioclase and quartz grains display
undulatory extinction and larger quartz grains (up to l mm in
diameter) also contain elongate subgrains and recrystallized new
grains, defomJation bands, and core-and-mantle structures.
The character of S 1 in the Bucksport Formation varies with
the different lithologies and grain sizes of that unit. In siltstone
containing little to no carbonate, S 1 is a continuous to disjunctive
cleavage (classification of Powell, 1979) (Fig. Sb). A continuous, slaty cleavage occurs in very fine-grained siltstone,
whereas coarser-grained siltstone displays a 0. 1 mm-scale disjunctive cleavage that ranges from smooth to rough to anastomosing. A mm-scale compositional layering is defined by
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Figure 4. Lower hemisphere, equal area stereographic projections of D1 field data. For all projections, original orientation data is
plotted on left and contoured on right. For all contoured projections, highest density contour interval is shaded, second highest is
stippled. (a) Poles to axial surfaces of F1 folds. Data measured where fold closures occur. (b) F1 fold hinges. (c) Poles to So and
S 1 foliations. Data measured where fold closures not observed.
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e

F4

I

Q

Figure 5. Microstructural characteristics of defonnational features. (a) Elongate garnet (Gt) in Copeland Fonnation. Garnet is
restricted to pelitic compositional layer. Elongate quartz subgrains and recrystallized new grains parallel axial surface of F2. Crossed
nicols. Scale bar = 200 µm. (b) Non-calcareous si ltstone of Bucksport Formation. Elongate quartz grains (Q) and fibrous beards
within pressure shadows (arrowhead) define S 1. and are deflected into and truncated by S2. Bt, biotite. Plane polarized light. Scale
bar= 100 µm. (c) Calcareous Bucksport Formation. S1 compositional layering contains quartz veins (Q) and M1 .2 amphibole
porphyroblasts (arrowhead) and is deformed by F2. F1 microfold preserved by quartz vein. Plane polarized light. Scale bar= 500
µm. (d) and (e) Mylonitic Stricklen Ridge granite. Quartz ribbon (Q), mica fish (muscovite, Mu), and S3 mylonitic foliation are
folded by F4. Elongate quartz subgrains and recrystalli zed new grains in quartz ribbons parallel f4 axial surface. Crossed nicols.
Scale bar = I00 µm.

153

J.P. Kaszuba and C. Simpson
alternating quartz- and phyllosilicate-rich layers in all three
types of siltstone. Quartz grains display undulatory extinction,
and larger grains (up to O.S mm in diameter) also contain ca. 20
µm diameter equant subgrains and recrystallized new grains.
Adjacent quartz grains may also be sutured together and/or
indent each other. Beards in quartz pressure shadows contain
fibrous quartz, white mica, and chlorite that are oriented parallel
to S1 (Fig. Sb). Cleavage domains contain chlorite and sometimes pyrite, and may truncate quartz grains (Fig. Sb). S1 in
carbonate-rich Bucksport Formation is a compositional layering
up to I c m thick (Fig. Sc) that is defined by a range in modal
composition of phyllosilicates, calcite, quartz, and plagioclase.
Quartz in quartz-rich compositional layers occurs as elongate
subgrains and recrystallized new grains.

Di Deformation
The second deformation phase (D2) (Table 1) produced Fz
folds that deform S1 in all three metasedimentary units and fold
dikes of Stricklen Ridge granite in the Copeland Formation. F1
folds (Table 2) are open to tight, upright to inclined folds. Axial
plane and hinge line orientations are grouped into two
geographic domains. In the northern half of the study area, axial
planes are subvertical and strike northeast (Fig. 6a). Hinge lines
plunge gently northeast (Fig. 6b). In the southern half of the
study area, axial planes strike north-south and range in dip (Fig.
6c). Hinge lines plunge at moderate angles to the north-northeast
and south-southwest (Fig. 6d).
A strong mineral lineation (L2) occurs parallel to F1 fold
hinges throughout the study area (compare Figs. 6b and 6e), but
is best developed in the north. The L2 mineral Iineation is
defined by a strong grain-shape preferred orientation of elongate
quartz grains in quartz veins and quartz-rich layers, and by
elongate micas, feldspars, and garnet aggregates in pelitic layers.
In Stricklen Ridge granite, L2 is defined by quartz rods and by
stretched and reoriented feldspars and micas. In outcrop, Fz
folds often appear as a crenulation of S1 ; their fold hinges were
measured as L2 and are included in the data plotted in Figure 6e.
In the Copeland Formation, asymmetric F2 microfolds
deform S1. Quartz displays undulatory extinction and core-andmantle structures. Deformation bands, elongate subgrains, and
recrystallized new grains in quartz-rich layers display grainshape preferred orientations parallel to F1 axial planes (Fig. Sa)
and quartz rods parallel L1. These quartz textures are also
developed in the Rider Bluff Member and Bucksport Formation.
Biotite and muscovite are recrystallized into an S2 foliation
which is axial planar to F2 microfolds and into polygonal grains
in F2 microfold noses. Micas are also locally folded and kinked
with kink band boundaries oriented subparallel to Fz axial
planes, and elongate micas are also preferentially oriented parallel to L1. S2 is not as pronounced as S 1 because the mica foliation
is not as pervasive and no new composit.onal layer is developed.
In the Rider Bluff Member, S2 is a variable, mm-scale zonal
crenulation cleavage (Powell, 1979) that deforms S1. White
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mica and chlorite in cleavage zones (<I mm thick) are rec rystallized parallel to S2. M 1-2 albite porphyroblasts display undulatory extinction, pericline twins, and < 1 mm diameter
recrystallized grains.
D2 structures in the Bucksport Formation vary with lithology. Siltstone develops a discrete (Fig. Sb) to zonal crenulation
cleavage which deforms S 1. Elongate quartz grains, fibrous
beards of quartz, biotite, chlorite, white mica, and calcite in the
pressure shadows of these grains, and matrix phyllosilicates that
had defined S 1, now parallel S2 (Fig. Sb). Quartz grains and
calcite veins are truncated and displaced along S2 cleavage
domains, and biotite fibers and pyrite commonly occur in these
domains. S2 in carbonate-rich lithologies is a zonal crenulation
cleavage that deforms S 1compositional layering and is subparallel to the axial planes of F2 microfolds. Matrix biotite is recrystallized parallel to S2. Quartz in veins occurs as ribbons (type
28 of Boullier and Bouchez, 1978) parallel to S 1 that are folded
with thickened hinges and attenuated, locally boudinaged limbs.
Quartz grains are recrystallized to S2-parallel, S0-100 µm
diameter elongate subgrains and recrystallized new grains
(aspect ratio of 2: 1). M1-2 albite porphyroblasts display undulatory extinction and development of pericline twins, and M 1-2
amphibole porphyroblasts locally display undulatory extinction
and subgrain development.

DJ Shear Zones
The Norumbega fault zone is a major right-lateral strike-slip
fault which strikes ca. 060° and crops out just northwest of the
study area (Fig. 1b). It has a long history of Paleozoic ductile
and Late Paleozoic and Mesozoic brittle deformation (Wones
and Stewart, 1976; Wones, 1978; Loiselle and Wones, 1983;
Johnson and Wones, 1984). Ductile shear zones are ubiquitous
in the study area. They occur at both outcrop- and map-scales,
and offset contacts and juxtapose units within their boundaries.
The shear zones deform Stricklen Ridge granites and L2 and are
deformed by later folds (F4, see below), therefore they a re
labeled DJ (Table I). The majority of shear zones are subparallel
to the Norumbega fault zone and display right-lateral movements as determined by shear bands in metasediments (Platt and
Vissers, 1980) and S (schistosite) and C (cisaillement, shear)
foliations in granites (Berthe et al., 1979; Simpson and Schmid,
1983; Lister and Snoke, 1984; Simpson, 1984). One major
right-lateral shear zone is nearly parallel to the Norumbega fault
zone trend, while another major shear zone is orthogonal to the
Norumbega fault zone and displays left-lateral movements (Fig.
2). Conjugate sets of vertical northeast-trending dextral and
north- to northwest-trending sinistral ductile shear zones and
brittle faults and fractures occur along the entire extent of the
Norumbega fault zone (Wones, 1978; Loiselle and Wones, 1983;
Johnson and Wones, 1984).
In ductile shear zones developed in Stricklen Ridge granites,
quartz shows ribbon structure (type 28 ofBoullier and Bouchez,
1978) and 20-SO µm diameter elongate subgrains and dynami-
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Figure 6. Lower hemisphere, equal area stereographic projections of
D2 field data. For all paired projections, original orientation data is
plotted on left and contoured on right. For all contoured projections,
highest density contour interval is shaded, second highest is stippled.
(a) Poles to axial surfaces of F2 folds in all metasedimentary units in
northern half of study area. (b) F2 fold hinges in all metasedimentary
units in northern half of study area. (c) Poles to axial surfaces of F1
fo lds in all units in southern half of study area. (d) F2 fold hinges in all
units in southe rn half of study area. (e) L2 mineral elongation lineations
and crenulation axes in all metasedimentary units in northern half of
study area.
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cally recrystallized new grains. Grain-shape preferred orientations of these grains are either oblique to the macroscopic
foliation (e.g. Simpson and Schmid, 1983, p. 1285) or parallel to
axial planes of F4 microfolds when these are present (Figs. 5d,
5e). Mylonitic Copeland Formation displays similar quartz textures, fine-grained, recrystallized tails of mica fish (asymmetric
mica porphyroclasts, e.g. Lister and Snoke, 1984), and rigid
porphyroclasts wrapped with mica. Large porphyroclasts (ca.
1-2 mm in diameter, although ca. 1 cm diameter and larger
porphyroclasts occur in deformed pegmatites) of plagioclase
(An 10-15), microcline, and orthoclase display brittle fractures,
undulatory extinction, and dynamically recrystallized tails.
Elongate, 10-20 µm diameter subgrains and recrystallized new
grains occur within the tails and along intragranular fractures and
grain margins of these porphyroclasts. Smaller feldspar porphyroclasts (:::;0.5 mm) also contain core and mantle structures;
the subgrains and new grains occur within the 50-70 µm thick
mantles. Crystal plastic microstructures are more extensively
developed in K-feldspar than in plagioclase porphyroclasts.
Ductile shear zones in the Copeland Formation display a
mm- to µm -scale compositional layering defined by alternating
quartz- and mica-rich (usually muscovite) layers and quartz
ribbons (types 2A and 2B of Boullier and Bouchez, 1978). In
the Rider Bluff Member and Bucksport Formation, ductile shear
zones contain abundant M1-2 porphyroblasts (now asymmetric
porphyroclasts) distributed in a foliated matrix of :::;50 µm
diameter phyllosilicates and quartz.
Shear bands are developed in the metasedimentary units
outside the main shear zone boundaries. They range in thickness
(ca. 40 µm to 0.5 mm) and spacing(< I mm to 5 mm and larger),
and contain recrystallized phyllosilicates and quartz and concentrations of magnetite, ilmenite, and pyrite. Preexisting foliations are asymptotically deflected into the shear bands, and rigid
mineral grains (e.g. albite porphyroclasts) are locally offset
across them.
Microstructural criteria for movement direction in the shear
zones are internally consistent and support field observations.
These criteria include asymmetric feldspar, tourmaline, and garnet porphyroclasts; mica fi sh (Lister and Snoke, 1984); antithetic
and synthetic offset along microfractures in tourmaline and
garnet and along microfractures and cleavages in feldspars
(Simpson and Schmid, 1983; Simpson, 1986); asymmetric
microfolds; elongate, dynamically recrystallized quartz grains
(Simpson and Schmid, 1983); S and C foliations in granites
(Berthe et al., 1979; Simpson and Schmid, 1983; Lister and
Snoke, 1984; Simpson, 1984); and shear bands in metasediments
(Platt and Vissers, 1980).
D4 .IJeformation
The youngest observed deformation phase (04) (Table 1)
produced F4 folds that occur in all three metasedimentary units,
but are prevalent in the Copeland Formation in the southern
portion of the study area. They deform So, D1 (Fig. 3d), 02, and
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0 3 structures. F4 folds (Table 2) are open to tight, steeplyreclined to vertical folds (Fig. 3d). Axial planes strike
predominantly north-south (Fig. 7a) and hinge lines are steeplyplunging (Fig. 7b). F4 microfold hinges were measured in
outcrop as a lineation (L4). An L4 mineral lineation defined by
elongate micas and quartz rods occurs parallel to these fold
hinges, but it is not as pervasive as the Lz mineral lineation.
F1 and F4 fold hinges are subparallel (Figs. 3d, 4b, 7b),
suggesting that the range of F1 axial plane orientations (Fig. 4a)
may be partly the result of refolding about the F4 fold axis. In
addition, the domainal distribution of Fz fold orientations may
be controlled either by the superposition of Fz on Ft, or by
refolding of Fz by F4. However, a change in strike of Fz axial
planes from north-south (Fig. 6c) to northeast-southwest (Fig.
6a) occu rs with closer proximity to the Norumbega fault zone.
F2 fold hinge orientations also change from moderate northnortheast and south-southwest plunges (Fig. 6d) to gentle northeast plunges (Fig. 6b) as th e Norumbega fault zone is
approached. These observations lead us to suggest that rightlateral strike-slip movement on the Norumbega fault zone
reoriented F2 structures in the northern portion of the study area.
In thin section , F4 microfolds in mylonitic and nonmylonitic Copeland Formation occur as crenulations of S 1 compositional layers and F2 fold limbs, especially in pelitic layers.
Micas and mica fish are recrystallized along grain boundaries
and into polygonal grains in F4 microfold noses, and are folded
by F4 microfolds (Figs. 5d, 5e). An S4 foliation, defined by a
preferred orientation of recrystallized micas and kink band boundaries, occurs parallel to F4 axial planes, but it is not welldeveloped and is not as penetrative as S 1 or S2. Quartz displays
undulatory extinction and core-and-mantle structures, and in
quartz-rich layers elongate :::; .12 mm diameter subgrains and
recrystallized new grains and deformation bands display grainshape preferred orientations parallel to F4 axial planes (Figs. 5d,
5e). These quartz textures are also developed in the Rider Bluff
Member and Bucksport Formation.
In Bucksport Formation siltstones, symmetrical microfolding of S1 produces a zonal crenulation cleavage (S4). Cleavage
domains and microlithons are evenly-spaced (ca. 0.5 mm) and
have diffuse boundaries. Phyllosilicates, originally parallel to
S 1 in pressure shadows of quartz grains, now parallel S4.
Brittle Deformation
Brittle faults and joints are ubiquitous in the study area; they
crosscut all ductile fabrics and are often filled with quartz (Fig.
3b) and/or hematite. All joint and minor brittle fau lt orientations
are parallel to the major brittle faults in the region. Relative
movement along these fractures, as determined by fibrous
mineral growth (slickensides) on, and offset across, fault planes,
is the same as the 0 3 shear zones which they exploit. In thin
section, quartz which fills the fractures occurs as polygonal
grains that display no crystallographic or grain-shape preferred
orientation.
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Figure 7. Lower hemisphere, equal area stereographic projections of 04 field data in all units throughout the study area. For all
paired projections, original orientation data is plotted on left and contoured on right. For all contoured projections, highest density
contour interval is shaded, second highest is stippled. (a) Poles to axial surfaces of f4 folds. Data measured where fold closures
occur. Trace and sense of movement of the Norumbega fault zone also plotted. (b) f4 fold hinges.

RELATIONSHIP BETWEEN STRUCTURE AND
METAMORPHISM .
In the absence of suitable index minerals, the metamorphic
conditions for each ductile event were based on the mineral
assemblages present for each fabric, the microstructures displayed by these minerals, and the textural relationships among
minerals of different tectonic fabrics.
The mineral assemblages interpreted to be stable during 0 r
are listed in Table 3. The presence of quartz pressure shadows
containing fibrous minerals, the truncation of quartz grains along
Sr cleavage zones, and the concentration of phyllosilicates and
sulfide minerals within these zones in Bucksport Formation
siltstones suggest that pressure solution (Rutter, 1976) was an
important deformation mechani sm in this lithology during 01 .

However, evaluation of deformation mechanisms operative at a
specific temperature and grain-size is imprecise because these
mechanisms are also functions of mineralogy, strain rate, fluid
pressure, fluid composition, and confining pressure.
The porphyroblasts listed in Table 3 occur in all three
metasedimentary units in the study area and share the following
textural relationships: they are euhedral to subhedral and large
(up to several millimeters in diameter) relative to other minerals
in thin section; they overgrow and often enclose S 1; porphyroblasts containing S1 lack synmetamorphic rotational textures (e.g. Spry, 1969, p. 253); and grain-shape preferred
orientations of porphyroblasts parallel 02, 03, or 04 structures.
These textural relationships suggest that the porphyroblasts,
labeled Mr -2, crystallized between 01 and D2, perhaps as part of
a continuum of events at the end of 01 or the beginning of 0 2.
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TABLE 3. INFERRED STABLE MINERAL ASSEMBLAGES IN METASEDIMENTS.
M 1-2 assemblages are listed in order of decreasing metamorphic grade. All M1.2 assemblages in the Copeland Formation include muscovite+ quanz. Abbreviations: muse, muscovite; bt, biotite; qtz, quartz, olig, oligoclase (Ani1 -2s); mag, magnetite; ilm, ilmenite; chi chlorite; plag, plagioclase; pyr, pyrite; Cc, calcite;
sill, sillimanite; gt, garnet; tour, tourmaline; and, andalusite; slaur, staurolite; ab, albite; Ca-amph, calcic amphibole; ti, titanite; ep, epidote.

~

D1

M1 .2

u

04

D2

Copeland Formation

- muse + bt + qlz + olig +
mag+ ilm

- sill+ bt +gt+ tour
- and + bt +gt
- staur
- bt + gt + tour

- bt + muse + qtz

- bt + muse + qtz +chi +
ilm +hem

Rider Bluff Member

- qtz +chi + white mica+
plag + mag + pyr

- bt + gt+ ab

- qtz + white mica+ chi +
bt

- chi+ qtz

Buckspon Formation

- qtz + white mica + chi +
Cc+ plag +mag + ilm +
pyr

- Ca-amph + ab + ti
- bt + chi + ti + ep
- bt + chi + tour

- bt +Cc +qtz
- qtz + white mica+ chi +
bt +Cc + ilm + mag + pyr

- chi + white mica + qtz
- bt +Cc +qtz

Stricklen Ridge granite intrusion also occurred between 01 and
02. Sillimanite-bearing M1 -2 mineral assemblages occur in
Copeland Formation pelitic schist next to and within Stricklen
R idge granite stocks, and progressively lower-grade M1-2 assemblages occur with increasing distance from these stocks.
These relationships suggest that Mt -2 metamorphism may have
occurred in a contact aureole in association with the intrusion of
Stricklen Ridge granite.
The mineral assemblages interpreted to be stable in S2 and
L2 are listed in Table 3. These assemblages commonly occur as
retrograde products of M 1-2 porphyroblasts and it is suggested
that 02 deformation occurred unde r greenschist facies metamorphic conditions.
Although amphibole generally does not deform plastically
until lower amphibolite facies (Brodie and Rutter, 1985), the
presence of free water may have lowered its strength and enhanced its ductility, in a manner similar to that in feldspars (e.g.
Tullis and Yund, 1980) or olivines (e.g. Mackwe ll et al., 1985).
The observed microstructures in albite and calcic amphibole are
therefore interpreted as having formed under upper greenschist
to lower amphibolite facies metamorphic conditions. The
presence of quartz pressure shadows containing fibrous minerals
and the truncation of quartz grains along the concentration of
sulfide minerals within S2 cleavage zones in siltstones of the
Bucksport Formation suggest that pressure solution (Rutter,
1976) was an important S2-formi ng mechanism in that lithology.
Phyllosilicates are stable in the mylonitic foliation (SJ),
suggesting the presence of water in 0 3 shear zones. Temperature/pressure estimates for 0 3 are imprecise, but the presence of
microstructures in feldspars that indicate recrystallization-accommodated dislocation creep (Tullis and Yund, 1980), and the
lack of complete recovery in quartz grains, suggest deformation
conditions of approxi mately uppermost greenschist facies.
Microstructures in feldspar, quartz, and micas reported for shear
zones in the Norumbega fault zone (Johnson and Wones, 1985)
are similar to those in 03 shear zones in the study area, suggest-
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ing that all of these shear zones formed under similar deformation conditions, probably during the same deformation event.
The mineral assemblages interpreted to be stable in S4
(Table 3) also suggest that 04 deformation occurred under
greenschist facies metamorphic conditions. The prevalence of
mineral assemblages consiste nt with greenschist facies
metamorphism in all fabrics seems a bit fortuitous. Greenschist
facies assemblages clearly define the presently observable L2,
S2, and S4 and are probably representative of the conditions
prevalent during D2 and 04. However, it is possible that Dt
contained different metamorphic assemblages which have not
survived Mt-2 metamorphism or subsequent deformation. It is
also possible that the metamorphic conditions prevalent during
04 completely overprinted all previous metamorphic signatures
in the rocks.

TECTONIC SIGNIFICANCE
There has been some debate concerning the nature of the
boundary between the Passagassawakeag and Bucksport terranes (Stewart and Wones, 1974; Wones, 1976; Osberg, 1980;
Gates et al., 1984; Kaszuba and Wones, 1985; Osberg et al.,
1985; Hussey, 1968, 1985). Although the present study does not
conclusively resolve the conflict, several observations are
relevant. 01 is characterized by tight to isoclinal folding and the
fo rmation of a strong S 1 axial plane cleavage. The Stricklen
Ridge granite cuts 01 structures and has been assigned a 4 12±14
Ma age (Zartman and Gallego, 1979), therefore D 1 must be
pre-Late Silurian to Early Devonian in age. Since F1 folds occur
within, and deform contacts between, the Copeland Formation,
Rider Bluff Member, and Bucksport Formation, these units and
therefore the Passagassawakeag and Bucksport terranes must
have been in contact and have shared a common structural and
metamorphic history by the time of D 1 at the latest. Emplacement of the Passagassawakeag terrane as a thrust sheet over the
Bucksport terrane could not have taken place between 390 and
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410 Ma as suggested by the preliminary work of Kaszuba and
Won es ( 1985). Our interpretations are consistent with Ludman 's
( 1981 , 1985) suggestion that the terranes of coastal Maine were
not exotic to each other by Early Devonian at the latest. Ludman
( 1981, 1985) based his interpretation on the lack of stratigraphic
and metamorphic discontinuities between, and the structural and
radiometric age continuity across, the terranes of northeast
Maine (i.e. Fredericton trough area, Fig. lb).
Several authors have grouped the Bucksport, Vassalboro,
and Flume Ridge Formations into one terrane (the Silurian-Early
Devonian central Maine turbidite belt) based on lithologic and
age similarities (Hussey, 1978; Osberg, 1980; Gates et al., 1984).
If this correlation of the Bucksport Formation with the Silurianto Devonian-aged Vassalboro and Flume Ridge Formations is
valid, then D1 must be no older than Silurian. Precambrian (?)
to Early Ordovician (?) units of the Passagassawakeag terrane
are interpreted to structurally overlie units of the central Maine
turbidite belt along a premetamorphic thrust fault because of the
apparent age disparity between these units (Osberg, 1980; Gates
et al., 1984; Hussey, 1985). The occurrence of a premetamorphic
thrust fault between the Passagassawakeag and Bucksport terranes (Copeland and Bucksport Formations) is neither proven
nor disproven by this study. However, any premetamorphic
thrust fault separating the Passagassawakeag and Bucksport
terranes could be no older than Silurian. D 1 and premetamorphic
thrusting would therefore be Acadian events. If the correlation
of Vassalboro and Bucksport Formations is not correct, however,
and the Bucksport Formation is pre-Silurian in age, then D1, and
premetamorphic thrusting if present, could be Taconic events.
Pre-Acadian (Taconic ?) isoclinal folding has been recognized
in northeastern Maine both north and east of the Fredericton
trough (Ludman, 1981, 1985) (Fig. 1b). Most other first-recognized folds in coastal Maine are recumbent isoclines assigned to
the Acadian orogeny (Bickel, 1976; Ludman, l 981; Hussey,
1985).
Correlation of the Bucksport Formation with the Vassalboro
and Flume Ridge Formations and separation of the Passagassawakeag and Bucksport terranes by an Acadian premetamorphic thrust fault are based on extensive mapping and
stratigraphic analysis (Hussey, 1978, 1985; Osberg, 1980; Gates
et al., 1984; Osberg et al., 1985). No existing evidence contradicts these interpretations, and D1 is therefore interpreted as
an Acadian event. Quartz veins are abundant in the Copeland
Formation and Rider Bluff Member near the Passagassawakeag/Bucksport terrane boundary and are deformed by the
entire structural sequence. Extensive quartz veining may reflect
the presence of large amouncs of fluid associated with faulting
(e.g. Etheridge et al., 1983) and may mark the trace of the
premetamorphic thrust fault.
Di is c haracterized by open, upright folding and the formation of a strong, hinge-parallel mineral lineation under upper
greenschist to lower amphibolite facies metamorphic conditions.
Di structures deform the 412± 14 Ma Stricklen Ridge granite, but
reportedly do not effect the 380±4 Ma Lucerne pluton (Kaszuba

and Wones, 1985). Dz is therefore assumed to have occurred
during the Acadian orogeny when upright folding occurred
throughout New England (Osberg, 1978; Ludman, 1981; Hussey, 1985).
The orientation, sense of motion, and inferred deformation
conditions (upper greenschist to lower amphibolite) for D3 shear
zones suggest that these shear zones are related to the same
deformation event which produced the Norumbega fault zone, a
major structure near the study area. D4 is characterized by open,
reclined folding under greenschist facies metamorphic conditions. The relationship between the orientation of F4 folds and
the Norumbega fault zone (Fig. 7) suggests that the stress field
which produced right-lateral strike-slip movement on the
Norumbega fault zone could also have caused F4 folding. Eusden et al. (1986) suggest a similar relationship between folding
and strike-slip faulting in southwestern Maine along a continuation of the Norumbega fault zone. D4 may therefore represent a
later, lower temperature episode of the same stress event which
produced the Norumbega fault zone. Alternatively, D4 could
represent a discrete ductile event unrelated to the one that
produced the Norumbega fault zone, but no such event is recognized elsewhere in coastal Maine (Hussey and Newberg, 1978;
Hussey, 1985). D3 shear zones and 04 folds do not represent
deformation associated with the intrusion of the Stricklen Ridge
granite or the Lucerne pluton. D3 deforms the Stricklen Ridge
granite, and shear zones similar to those of 0 3 occur within and
deform the Lucerne pluton (Wones, 1980). Furthermore, D3
shear zones are probably related to the same deformational event
as the Norumbega fault zone, and the Norumbega fault zone
truncates the Lucerne pluton (Fig. 1b ). The brittle joints and
faults that cut all ductile structures observed in the study area
may be related to the same stress field which initially produced
the Norumbcga fault zone, or to a later brittle event which
exploited the Norumbega fault zone as a preexisting zone of
weakness.

CONCLUSIONS
In the Penobscot Bay area of coastal Maine, metasediments
of the Copeland Formation and Rider Bluff Member in the
eastern margin of the Passagassawakeag terrane and of the
Bucksport Formation in the adjacent area of the Bucksport
terrane experienced four phases of ductile deformation and an
interdeformational event (M1 -2) of metamorphism and granitic
plutonism. The earliest recognizable deformation phase (D1)
produced F 1 folds and a strong axial plane foliation (S 1) defined
by a uniform compositional layering. Since D 1 structures occur
within and deform contacts between all metasedimentary units,
these units and therefore the Passagassawakeag and Bucksport
terranes must have been in contact and shared a common history
by the time of D1 (early Acadian?) at the latest. To the southwest
of the study area, these terranes are bound by a premetamorphic
thrust fault. No structural or metamorphic discontinuity coincides with the boundary between these two terranes in the study
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area, and the occurrence of a premetamorphic thrust fault is
neither proven nor disproven by this study. A static thermal
event (M1-2) of granitic plutonism (412±14 Ma Stricklen R idge
granite) and porphyroblast growth occurred between D 1 and D2
(Kaszuba, 1986). It may have been a discrete event of contact
metamorphism or a part of a continuum at the end of D1 or the
beginning of D2. The second ductile deformation event (D2,
Acadian) produced open, upright folds and a strong, hinge-parallel mineral e longation Iineation under upper greenschist to lower
amphibolite facies metamorphic conditions. The orientation,
sense of motion, and inferred deformation conditions (upper
greenschist to lower amphibolite) for D3 shear zones suggest
they are related to the same stress system that produced rightlateral strike-slip movement on the Norumbega fault zone (Alleghenian). The orientation of open, reclined F4 folds that
formed under greenschist facies conditions suggests D4 may
represent a later, lower-temperature episode related to the same
stress system. Brittle structures truncate all ductile structures,

and their orientation and sense of movement suggests they are
either related to the same stress field which initially produced D3
and D4 ductile structures, or to a later brittle event which exploited D3 shear zones and the Norumbega fault zone as preexisting zones of weakness.
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ABSTRACT
Field mapping in the Buckfield 7.5' quadrangle has revealed a complex deformational history. Silurian
calcareous and pelitic metasediments of the Sangerville Formation (Pankiwskyj, 1979; Moench et al., 1982) display
evidence of at least three distinct folding events. The oldest fold generation consists of reclined to recumbent folds
with northwest to nearly east-west trends (Ft), believed to be parasitic to regional scale recumbent folds. These are
postdated by upright, moderately open to isoclinal folds with a northeast trend (F2). The youngest folds observed
are small-scale, upright, asymmetric folds with a consistent northwest trend (F3). The reclined to recumbent folds
deform an early layer-parallel foliation (SA).
Bedding trends in the Buckfield area are influenced by both Ft and F2 folds. Strata in the eastern half of the
study area reflect F2 folding with steep dips and northeast trends, whereas those in the southwestern portion display
shallower dips and northwest trends, indicative of Ft folding. A decrease in amplitude of the younger, upright folds
from north to south may have produced this structural juxtaposition in south-central Maine. Field and map evidence
suggest that the flat-lying Ft folds predate Devonian and Carboniferous plutons and provide a favorable structural
horizon for their later intrusion.
Regional correlations between unfossiliferous rocks of the Buckfield area and fossil-bearing units of the
Waterville and central Maine regions are introduced to facilitate the proposed structural interpretation.

INTRODUCTION AND GEOLOGIC SETTING
A regional transition from largely vertical, northeast-trending structures to flat-lying, northwest-trending structures occupies a narrow region in Maine, roughly coincident with the
sillimanite + K-feldspar metamorphic isograd (Fig. I). This
paper presents the results of a study of a small portion of this
transition zone, in particular the relationships between smallscale structures in the Buckfield 7.5' quadrangle and adjacent
areas.
The study area lies within the southeast limb of the Kearsarge-central Maine synclinorium (Lyons et al., 1982), near the

northern terminus of the expansive New England metamorphic
high (Guidotti, pers. commun., 1985). Stratified rocks of the
study area are of Early to Middle Silurian age, and were derived
from crystalline Taconian highlands to the west (Ludman, 1977).
Sedimentologic features found in rocks correlative with the
Sangerville Formation of the study area (formerly the Buckfield
Group of Warner, 1967) suggest turbiditic deposition in an
intermediate energy environment. Coarser-grained rocks to the
west (Rangeley Formation) and thinner bedded, finer-grained
rocks to the east (Sangerville and Waterville Formations) are
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N

the order of younging within the Sangerville Formation differs
from that reported by previous workers (Warner, 1967; Moench
et al., 1982). In particular, graded sequences on the western
slopes of Bear Mountain and Ricker Hill (in the northeast quadrant of the Buckfield quadrangle) suggest an inverted lithologic
package. Moreover, inasmuch as Waterville/Sangerville Formation stratigraphic relationships are well demonstrated in the
Waterville area (Osberg, 1979, 1980), the mapped structure of
the correlative Buckfield area stratigraphy similarly indicates a
downward-facing section.

70°

~

STRUCTURE
Early Schistosity (SA)
Area of upright
structures

45°

S-K -Sillimanite and K-feldspar
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-Upper and lower si lliman i te

St

-Staurolite

~ -Buckfield quadrangle

Figure 1. Location of regional transition from flat-lying to vertical
structures (bold dashed line) and metamorphic isograds based on pelitic
index minerals in southern Maine (modified from Osberg et al., 1985).

A layer-parallel foliation (SA), ubiquitous in rocks of the
study area, is defined by the alignment of micaceous minerals
and/or elongation of fibrolite mats in pelites or parallelism of
amphiboles in calc-silicate lithologies. This foliation is assumed
to have been parallel to the axial surfaces of early isoclinal folds.
However, folds of this generation have not been consistently
observed, and their scale and original orientation are unknown;
hence, no deformational event (e.g. F1, F2, etc.) has been associated with the SA foliation as a result of this investigation.
The existence of this fold set is predicated upon the observation
of the SA foliation wrapped around F2 and F3 fold hinges (Fig.
3b) in addition to the observation of folds which predate the F1
and F2 structures. An outcrop in Trap Corner (along Route 26
west of the study area) contains folds of three generations,
including Ft and F2 events. The third set is demonstrably older
than these, and may be coeval with the more widely observed SA
foliation.

Minor Folds and Cleavage
thought to represent proximal and distal depositional environments, respectively (Osberg et al., 1968; Ludman, 1977).
Recent isotopic and geophysical work has identified plutons
of Ordovician, Devonian, Carboniferous, and Jurassic ages
within the Kearsarge-central Maine synclinorium (Moench,
1984; Moench and Zartman, 1976; Lux and Guidotti, 1985;
Hayward and Gaudette, 1984; Aleinikoff et al., 1985; Creasy et
al., 1986). Many of these plutons have been modeled as l to 6
km thick sheets dipping gently to the northeast (Kane and
Bromery, 1968; Nielson et al., 1976; Carnese et al., 1982; Hodge
et al., 1982; Stewart et al., 1986). These findings have widerangi ng ramifications bearing upon regional tectonic
mechanisms (De Yoreo et al., 1985; Moench and Zartman, 1976)
and are relevant to the chronology of metamorphic and deformational events in south-central Maine.
Figure 2 illustrates a geologic column for rocks of the
Buckfield area and proposed regional correlations across the
Kearsarge-central Maine synclinorium in Maine. Observations
of graded beds located adjacent to member contacts indicate that
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Nearly all folds described in the study area can be classified
as small-scale, i.e. discernible in an outcrop; however, they are
believed to mimic larger structural features detectable on map
scale. Numerous outcrops, such as those depicted in Figure 3,
display structures of two generations; crosscutting cleavages are
particularly well preserved in the schistose lithologies.

Recumbent Folds (F1)
Observations of primary stratigraphic relationships reveal
that the oldest unit in the study area (the Anasagunticook Member) is located in the core of the large synform in Figure 4 (the
Irish Hill syncline of Warner, 1967), which, therefore, faces
downward. These way-up indicators, depicted in Figure 4, are
comprised of graded bedding sequences located close to member
contacts as described previously. This interpretation necessitates the existence of a recumbent (or strongly overturned) fold
of regional scale. Several workers have postulated the presence
of extensive fold-nappes in Maine to explain similar observa-
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tions of inverted stratigraphic-sections (e.g. Osberg, 1979,
1980; Gates et al., 1984; Eusden et al., 1984, 1986; Wiley, 1986).
In addition, Guidotti ( 1965), Creasy ( 1979), and Hussey ( 1983)
have described gently inclined folds in regions devoid of primary
stratigraphic indicators.
Small-scale recumbent folds mapped in the Buckfield quadrangle (F1) are believed to be parasitic to larger folds of regional
scale as tentatively suggested by Hussey (1983). Folds of this
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stage, along with co-genetic foliation and weakly developed
cleavage (S1 ), have been observed throughout the southern and
western sectors of the study area.

Upright Northeast-Trending Folds (F2)
The second fold set observed in the Buckfield area consists
of moderately open to isoclinal , northeast-trending, upright,
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symmetric folds (F2). Generally, isoclinal structures persist in
calc-silicate lithologies while granulites and schists display more
open fonns. These northeast-trending folds and associated axial
planar cleavage (S2) postdate F1 recumbent folds. Evidence of
this relationship was best found in the southwestern portion of
the quadrangle where small-scale F1 and F2 folds are present
(Fig. 5). This chronology is also suggested in Figure 6a where
poles to flat-lying axial surfaces and foliation (S1) define a tight
girdle around northeast-trending isoclinal folds. The limited
reorientation of F1 fold limbs (denoted by dual maxima in Fig.
6a) is attributed to the isoclinal character of F2 folds.
Regionally, F2 folds show a wide variation in amplitude and
wavelength, from millimeter-scale crenulations to quadranglescale outcrop flexures, yet folds of this generation display consistent orientations (Fig. 6b). These folds control the gross
bedrock geometry of central Maine, yet their significance is
negligible in areas south of the Buckfield quadrangle where
flat-lying structures dominate. A decrease in the amplitude of
the upright folds from north to south is believed to control the
transition to flat-lying folds in south-central Maine. This structural juxtaposition is apparent in the anomalous outcrop
geometry exhibited in the Buckfield quadrangle (Fig. 4) as well
as other areas in southern Maine proximal to large plutons,
suggesting a proclivity toward intrusion within the flat-lying
strata and resistance to subsequent deformation (i.e. a "dampening out" of Fz folds).

Asymmetric, Northwest-Trending Folds and Cleavage (F3)
Upright, small-scale, northwest-trending, asymmetric folds
(F3) and associated crenulation cleavage (S3) represent the
youngest defonnational episode in the Buckfield region. These
structures display consistent style, small size, and orientation.
The latter is illustrated by Figure 6c where poles to over 90% of
FJ axial surfaces and S3 cleavage cluster within 3% of the equal
area net. Closely-spaced crenulation cleavage axial planar to F3
folds is well developed in schistose beds and clearly crosscuts
older structures. It is conceivable that the F3 folds and cleavage
are a localized response to the intrusion of the Sebago batholith.
Recent studies have substantiated the existence of similar areas
of small-scale deformation adjacent to intrusive bodies (Thomson, 1985; Newberg, 1986). Nonetheless, west-to-northwesttrending minor folds and cleavage have been recognized
throughout New England, many of which cannot be related to
plutonic intrusions (Osberg, pers. commun., 1985).

LARGE-SCALE STRUCTURES
Folds producing map-scale deformation can be attributed to
F1 and F2 fold generations. Prominent northwest-trending folds,
including those mapped by Guidotti (1965), Creasy (1979), and
Hussey ( 1983) south and west of the study area, display strongly
overturned to recumbent axial surfaces and are here interpreted
to be arch bends (Billings, 1972) parasitic to extensive fold-nap-

F2 !old axis

0

5

10

cm

Figure 5. Down-plunge view offlat-lying fold (F1) cut by smaller-scale,
upright, northeast-trending fold and associated cleavage (F2). Patch
Mountain Member on southern flank of704 foot hill near southwestern
comer of Buckfield quadrangle.

pes. Downward-facing folds and overturned lithic units such as
those presented herein are also indicative of nappe-stage deformation. Regional northeast-trending, upright, isoclinal folds
have been mapped north of the study area (Osberg, 1968; Ludman, 1977; Pankiwskyj, 1978, 1979) and dominate the bedrock
geometry of central and northern Maine.
Stratigraphic and structural data obtained in this study
reveal that the large-scale structure mapped in the Buckfield
quadrangle is a complex synform, consisting of recumbent to
reclined northwest-trending folds on its western limb and
upright, northeast-trending flexures on its eastern limb. Both
fold types are present throughout the quadrangle, but their relative scales are such that the F1 folds control outcrop geometries
in the southwest and F2 folds dictate map patterns in the northeast. Thus, the regional transition from flat-lying, northwesttrending to upright, northeast-trending structural domains can be
located within the Buckfield 7.5' quadrangle (Fig. 4).

REGIONAL STRUCTURAL SYNTHESIS
Following the development of early, layer-parallel foliation
(SA), nappe-stage folding (F1) affected the units of the Sangerville Formation and the underlying Anasagunticook Member of
the Waterville Formation. Thereafter, gravity sliding or perhaps
thrust faulting translated Devonian sediments of the Rumford
allochthon over the autochthonous Silurian rocks (Fig. 7).
Upright, northeast-trending, isoclinal folding (F2) followed.
This is apparent in the expression of the Winter Brook fault (Fig.
7), the eastern terminus of the allochthon, as well as in crosscutting folds observed in the study area. Finally, intrusion of the
Sebago two mica-granite occurred, inundating the flat-lying
structures and disrupting some areas of upright, northeast-trending structures. It is possible that this intrusion imparted a closely-spaced crenulate fabric (F3, S3) to the adjacent strata.
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Figure 6. Equal area, lower hemisphere projections of poles to axial
surfaces and cleavage for individual fold generations: (a) 61 S1 poles,
(b) 100 S2 poles, (c) 138 S3 poles.

commun., 1986). It should be noted that the scale of FJ deformation is too small to be suitably re presented on these sections.
Numerous factors may contribute to the decrease toward
southwestern Maine of the observed amplitude of F1 folds. One
interesting possibility involves the injection of igneous rocks
into the flat-lying strata prior to upright F1 folding. This may
have locally diminished the effect of the F1 folds. It is uncertain
whether any plutons demonstrating such a relationship are
presently exposed in Maine; however, the Cardigan, Bethlehem,
and Winnipesaukee plutons of New Hampshire display appropriate age and structural relationships to warrant such a
model.

CONCLUSION

s
Contours at 2, 12, 30, and 40%

Interpretive cross-sections A-A' and B-B' are presented in
Figure 8 to illustrate the change in geometry of rock units as the
transition zone juxtaposing upright and flat-lying structures is
approached. These sections suggest an interaction of F1 and F1
folds which is compatible with regionally mapped facing directions and lithologic trends (Osberg et al., 1985; Osberg, pers.
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Stratified rocks of the Buckfield region in south-central
Maine have experienced at least three distinct deformational
events as evidenced by folds, cleavages, and foliations observed
to crosscut one another. Flat-lying, northwest-trending folds
(F1) and upright, northeast-trending folds (F2) dominate the map
pattern. An upright, asymmetric, northwest-trending fold
generation (F3) postdates these events, but does not appear to
affect large-scale outcrop configurations. The unique map pattern in the study area has resulted from interfe rence of F 1and F1
structures. Consequently, this area is located astride a regional
transition between flat-lying and upright fold structures. Although equivocal, the field evidence suggests that a decrease in
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Cross-sections for lines A-A ', B-B' are presented in Figure 8.

the amplitude of Fz folds towards southwestern Maine accounts
for the exposure of this transition.
Regiona l correlation of fold sets F 1 and Fz demonstrates that
large-scale recumbent folding in south-central Maine (F1 )
predated the Sebago intrusion and other widespread, tabular
granitic plutons. Thus, it is apparent that these intrusions exploited rather than produced the flat-lying fold structures in the
area not affected by large-scale Fz deformation. This sequence
of events is at odds with previously published interpretations
(Guidotti, 1965; Warne r, 1967; Moench and Zartman, 1976;
Creasy, 1979), but is supported by many observatio ns of
crosscutt ing small-scale struc tures. Table I presents a
chronologic o utline of structural events postulated for southcentral Ma ine.

TABLE I. INFERRED STRUCTURA L HISTORY OF THE
BUCKFIELD QUADRANGLE.
(I)
(2)
(3)
(4)

Formation of early. layer-parallel foliation (SA).
Early Acadian thrust faulting. formation of large-scale nappcs (F1 ).
Acadian regional, uprighl. NE-trending, symmetric, isoclinal folding (F2).
Late, small-scale, upright. NW-trending asymmetric folding (FJ) and
c renulation cleavage (SJ). Possibly local Carboniferous deformation due
to Sebago intrusion.
(5) Normal Faulting.
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Figure 8. Interpretive cross-sections for profiles A-A' and B-B', south-central Maine (see Fig. 7).

Analysis of graded beds consistently shows that F2 and F3
folds face downward. This indicates that the Buckfield area
rocks as presently exposed are situated on an overturned limb of
a large-scale recumbent (or strongly overturned) F1 fold. Correlation of the Buckfield area stratigraphy with that of the
Waterville area supports this contention. Similarities in bedding
style and lithology allow for such a correlation which is also
consistent with the structural model presented.
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ABSTRACT
The Marie Petuche fault, exposed at the international border station north of Jackman, Maine, is interpreted
as a northwest-directed thrust. Evidence for this conclusion includes repetition of section, overturning of beds in
the footwall, coincidence of a zone of kink folds, and outcrops which show southeast-dipping shear surfaces and
fractures parallel to bedding and cleavage. This fault extends at least 25 km to the northeast.
The Thrasher Peaks fault is a major fault which extends for nearly 200 km from northern New Hampshire into
western Maine. Along most of its length the fault strikes northeast-southwest and has a vertical sense of displacement. Outcrops of the fault northeast of Jackman indicate that the primary displacement on this east-west striking
segment of the fault is right-lateral strike-slip. A fault gouge which contains cataclastically deformed clasts of Attean
pluton in a slate matrix and kinematic indicators ornamenting shear surfaces are the primary evidence for this
interpretation. The minimum demonstrated displacement is 10 km. This fault was probably active through much
of the Acadian orogeny.
The association of thrust and strike-slip faults is interpreted as a positive flower structure related to two factors:
the curvilinear nature of the strike-slip fault and its unusual east-west strike in this region.
The implications of this interpretation are that the overall displacement on the length of the Thrasher Peaks
fault has been oblique and that the fault may continue for a considerable distance to the northeast. Possible
candidates for the continuation of the fault toward the northeast are the suite of reverse faults in the Caucomgomoc
Lake area.

INTRODUCTION
Since detailed bedrock investigations were first conducted
in northwestern Maine during the 50's and 60's, the area which
includes the junction of three major tectono-stratigraphic features, the Connecticut Valley - Gaspe and the Moose River
synclinoria, and the Boundary Mountains anticlinorium (Fig. I),
has been recognized as a broad, structurally complex zone of
significance (see Boone et al., 1970; Albee and Boudette, 1972).
Recent investigations have concentrated in particular on the fault
which bounds the Chain Lakes massif on its northwest side,
referred to as the Thrasher Peaks fault.
Interpretations of the nature of the Thrasher Peaks fault have
been nearly as numerous as the number of investigators owing
to paucity of outcrop and difficulty of access. Albee and

Baudette ( 1972) recognized a zone of cataclasis representing
unknown translation in the northern part of the Attean pluton. In
his investigations of the zone, Westerman (1979, 1980) proposed
a normal fault dipping steeply to the northwest. Boone et al.
(1970) and Boone ( 1978, 1980) suggested that the fault zone is
a series of northwest-dipping thrust faults.
The objectives of this paper are to present field evidence
bearing on the nature of this structurally complex zone, to
consider structural associations within it, and finally to propose
a structural model for the region. This paper will consider two
faults within the broader zone. The first, the Marie Petuche fault,
is a zone of thrust faulting which includes a number of imbrications. The second, the Thrasher Peaks fault, is interpreted to be
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Figure I. Generalized bedrock geologic outline map of western Maine and northern New Hampshire (modified from Moench, 1984).

of oblique movement along its entire length, but to be primarily
a right-lateral, strike-slip fault along the segment studied in
Maine (Fig. l).

REGIONAL SETTING
Of the three tectono-stratigraphic features in the region, the
Boundary Mountains anticlinorium exposes the oldest rocks.
These include the Middle Proterozoic Chain Lakes massif, the
Boil Mountain Complex, interpreted as a Cambrian(?) ophiolite
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suite (Baudette, 1982), and an Upper Cambrian(?) melange and
overlying Cambrian(?) and Lower Ordovician flysch carapace
(Boone et al., 1984). Intruding the older rocks of the anticlinorium is the Ordovician Attean pluton (443 Ma; Lyons et
al., 1986), a mottled pink and green porphyritic quartz monzonite. With the exception of this pluton, all of the rocks of the
anticlinorium are deformed. Recent work (Boone and Baudette,
1989; Boone, this volume) suggests that the deformation was
part of the mid-Cambrian to Early Ordovician Penobscottian
orogeny.

Thrust and strike-slip faults near Jackman, Maine
The Moose River and Connecticut Val ley - Gaspe
syncl i noria contain primarily Silurian and Devonian
metasedimentary and metavolcanic rocks in Maine although
toward the southwest in Vermont apparently older rocks are
exposed in the latter (Bothner and Berry, 1985). Most folding
and faulting in the synclinoria can be related to the Acadian
orogeny. The metasedimentary units within the synclinoria of
most importance to this study are: the Frontenac Formation, a
thjck sequence of interbedded wacke and slate, and mafic volcanic rocks (Canada Falls Member) of probable Silurian age
(Marvinney, 1986); the Upper Silurian or Lower Devonian Ironbound Mountain Formation, a dark gray mudstone- and
siltstone-slate unit (Marvinney, 1986); and the Lower Devonian
Northeast Carry Formation, a dark gray siltstone-slate and
metasandstone unit. The last two formations are constituents of
the recently defined Seboomook Group (cf. Pollock, 1987). The
Frontenac and lronbound Mountain Formations are exposed in
a broad anticline along the southeast margin of the Connecticut
Valley - Gaspe syncl inorium which has been sliced by northwestdirected thrust faults including the Marie Petuche fau lt (Fig. I).
These uruts are of importance in establishing translations on each
of the faults.
The metasedimentary units present a particular difficulty to
structural interpretation in that they lack distinct, regionally
extensive, stratigraphic sequences. This is especially true of the
Frontenac Formation which contains packages of coarsegrained, proximal turbidites (Marvinney, 1986) which vary in
stratigraphic position and tend to be laterally discontinuous.
Only a general trend of upward-increasing frequency and thickness of interbedded slate has been recognized (Marvinney,
l 986). Due to the lack of stratigraphic markers, the regional
structural interpretation draws heavily from analysis of cleavage,
minor structures, and, in the case of faults, several outcrops
which show their nature, rather than on map patterns of
stratigraphic units.

THRUST FAULTS
Marie Petuche Fault
Several thrust faults are mapped in the study area, the
longest of which is the Marie Petuche fault (Fig. 2). This fault
extends from the international border station on U.S. 20 I Quebec 173 (#I on Fig. 2) northeastward along the international
border and the southeast side of Green Mountain (#2 on Fig. 2)
to the vicinity of Comstock Mountain (#3 on Fig. 2) for a total
length of 25 km. At its current level of exposure it is an
intraformational fault within the Frontenac Formation. Its extent
beyond the map area is unknown; it has not been recognized to
the northeast in the Caucomgomoc Lake area (Pollock, 1983)
nor to the southwest in Quebec (S. R. Cheve, pers. commun.,
1982).
The existence of the fault is supported by several lines of
evidence. First, there is a stratigraphic discontinuity across the

fault. On the southeast side, beds in the Frontenac Formation
face to the southeast; lower stratigraphic levels are encountered
as the fault is approached. The frequency of interbedded slate
increases gradually toward the southeast as the contact with the
Ironbound Mountain Formation is approached. On the
northwest side of the fault, beds face mostly northwestward. The
bedding style and frequency of interbedded slate on the
northwest side are similar to that of the transition zone with the
Ironbound Mountain Formation encountered we ll to the
southeast.
Second, the orientation and style of structural features changes across the zone. On the southeast side, asymmetrical minor
folds are numerous, tight to isoclinal, and verge to the northwest.
On the northwest side, minor folds are less numerous, open, and
most often neutral in vergence. Whe n interpreted as parasitic
folds to a major structure and when considering the repetition of
Devonian units on the northwest and southeast sides of the field
area (Fig. 2), the northwest vergence of the minor folds on the
southeast initially seemed to indicate that this area was within
the southeast limb of a major northeast-trending anticline. The
abruptness of change in style and vergence of minor folds across
a narrow zone, however, suggests that the minor folds are related
to a fault. The change in vergence is also important in establishing the translation on the fault.
Third, a narrow zone of kink folds, perhaps several hundred
meters wide, exists along the southeast side of the fault zone.
The kink folds (definition of Hobbs et al., I 976) are upright,
tight, have amplitudes and wavelengths of a few to tens of
centimeters, and have northeast-trending axes. They generally
occur in sections where the interbedded slate is thick. An important feature in many parts of the kink zone are near-vertical, thin
pseudobeds which result from the redistribution of quartz from
the kink fold limbs into their hinge zones. This suggests that the
axis of maximum shortening was nearly horizontal during
development of the kink folds. Folds of this form commonly
occur with their axial planes perpendicular to the axis of maximum compression as a consequence of 50% shortening in fine
grained rocks (Paterson and Weiss, 1966).
In several areas the Marie Petuche fault is exposed, but
nowhere as well as in the roadcuts at the international border
station on U.S. Route 201, shown in Figure 3 (#1, Fig. 2). Here
the fault cuts thick wackes and interbedded slate of the Frontenac
Formation in a zone of nearly continuous exposure 160 meters
wide. Through much of the roadcut, especially the western end,
the dominant structures are numerous fractures which are subparallel to both bedding and cleavage, and other shears
developed at a low angle to bedding. Individual wacke beds
cannot be traced across the exposure due to a com~ination of
sedimentary discontinuity and djsplacement along shears. The
intersections of the fractures and shears with cleavage and bedding results in an extensively fractured exposure.
The intensity of deformation increases from southeast to
northwest across the border roadcut. The following discussion
refers to sketches at each of several stations from southeast to
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northwest along the roadcut (Fig. 3). Starting in the southeast
(station I), bedding is fairly regular and dips steeply to the
southeast. Penetrative, nearly bedding-parallel cleavage of
presumed Acadian origin is prominent. At the left (northwest)
side of this station bedding is discontinuous. It is segmented by
a steeply dipping spaced cleavage which displays some dip-slip
movement, but which has the same general orientation as the
penetrative cleavage. Whether this is a change in the style of
Acadi an cleavage, reactivation of cleavage surfaces, or a
younger fabric is uncertain.
Another 50 m to the northwest, bedding is again recognizable as it dips gently to the southeast (station 2). This gentle
dip persists for the remainder of the roadcut. Cleavage through
most of the remainder of the roadcut dips moderately to the
southeast. Fractures parallel to bedding and cleavage are common. In this part of the outcrop, shear surfaces oriented N45°E
50°SE are locally ornamented with fine mineral lineations and
mullions bearing approximately 120° and plunging 50°.
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This general style of deformation continues across the outcrop to the northwest. In places bedding is quite obvious and
penetrative cleavage is similar to Acadian cleavage seen elsewhere. In others, two cleavages are evident. The regional
cleavage strikes approximately N45-60°E and dips moderately
to steeply southeastward. Distinct Iithons in which cleavage is
penetrative are bounded by spaced frac tures along which some
slip has occurred. A later, near-vertical spaced cleavage is only
locally developed.
At the northwestern limit of exposure the extent of brittle
deformation is great (stations 3 and 4). Fractures sub-parallel to
bedding and cleavage have reached their maximum development. While a number of more competent beds can be identified
here, they cannot be traced laterally for more than a few tens of
meters. Small sections of competent beds are offset in a vertical
sense by southeast-dipping shears. Competent beds are bounded
by zones of intense fracturing. In these zones bedding is discontinuous and there is considerable quartz veining, mostly bed-

Thrust and strike-slip faults near Jackman, Maine
ding-parallel. The fractured zones also are moderately kinked,
similar to the fashion of kink folding noted elsewhere along the
fault, including northwest vergence. These impart a northwest
dipping fabric to the roadcut.
Additional, less extensive examples of this type of deformation can be observed through a belt extending a few kilometers
south of the border station. These occurrences are separated by
sections of relatively undeformed rocks of the Frontenac Formation indicating that faulting occurred along a number of narrow
zones rather than along a single discrete plane.
The Marie Petuche fault is interpreted as a northwestdirected thrust for several reasons: (1) southwest dipping shears
offset bedding at the border station; (2) the asymmetry and
northwest vergence of minor folds on the southeast suggest
northwest-directed compression, but no corresponding major
fold has been recognized; (3) the associated zone of kink folds
suggests that the axis of maximum compression was subhorizontal and oriented northwest-southeast; and (4) beds overturned toward the northwest are present in the footwall and are
well exposed at Comstock Mountain (#3, Fig. 2). The increased
fracturing at the border station roadcut could be explained by
deformation in the upper plate of a thrust ramp as described by
Elliot ( 1976), Sanderson ( 1982), and Butler ( 1982), for example.

Other Thrust Faults
Although faulting occurs entirely within the Frontenac Formation along the Marie Petuche fault, in two other areas faulting
of the same nature has resulted in stratigraphic repetition of other
units (labeled faults A and B in Fig. 2). Fault A is in the central
part of the Penobscot Lake quadrangle (Fig. 2) where a thin
wedge of lronbound Mountain Formation is in depositional
contact with the underlying Frontenac Formation on the
northwest and structurally beneath it on the southeast. All units
dip and face southeastward. Extensive kinking and "pencil"
cleavage (Ramsay, 198 1) are developed in the Iron bound Mountain Formation. Because the style of deformation is similar to
that seen along the Marie Petuche fault, this fault is believed to
be an imbrication of northwest-directed thrusting.
Fault B is inferred along the northwestern limit of the
Canada Falls volcanic member where it is in contact with excellent mudstone slate of the Ironbound Mountain Formation. Bedding in the latter faces southeastward into the volcanic rocks, but
it was not possible to determine bedding attitude in the volcanic
rocks near the contact. The fault trace is represented by a narrow
topographic low in which there is no outcrop. Kink folds are
only locally developed along this trace. Although outcrop
evidence for the style of faulting is lacking here, stratigraphic
repetition is in the same sense as that of the other thrust faults
suggesting that this, too, is a northwest-directed thrust.
Several other factors are important in establishing the fault
type. On the southeast side of fault B, the southeastward facing
limbs of many of the minor asymmetric folds are overturned to

the southeast. This is especially apparent in rocks of the Ironbound Mountain Formation adjacent to the volcanic rocks immediately above the fault. The frequency of overturning
decreases away from the fault toward the southeast such that
beds are upright within several kilometers. Similarly, cleavage
dips toward the northwest in this belt, whereas throughout most
of the field area it is vertical or dips toward the southeast. The
frequency of northwest dipping cleavage also diminishes toward
the southeast. These relationships suggest that the rocks in the
belt adjacent to and southeast of fault B have been rotated to the
southeast, either during or following cleavage and fold development. Such rotation might develop in response to northwestthrusting along an upward-steepening fault surface.
In addition to the overturning there are two small areas of
Frontenac Formation within the belt of Ironbound Mountain
Formation southeast of fault B (too small to be shown on Fig. 2).
Faulting is noted on the southeast side of one and has been
inferred for the other. These are interpreted as reverse faults
which have brought the Frontenac Formation up to higher structural levels. They are thought to be back-thrusts related to
volume accommodation along fault B.
Additionally, an aeromagnetic map of the region (Boucot et
al., 1964) shows a marked magnetic gradient coincident with
fault B. The strong magnetic signature of the volcanic rocks on
the southeast is abruptly terminated at the fault. The Ironbound
Mountain and Frontenac Formations on the northwest side are
represented by a broad magnetic low. The abruptness of change
supports a fault interpretation for this contact.
Based on the mapped distribution of units alone (Fig. 2),
other models are possible for fault displacement. The three
thrust faults could be interpreted as normal faults with their
northwest sides down-dropped. While such a model easily explains the juxtaposition of Frontenac and Ironbound Mountain
Formations, it is inadequate to explain other structural features,
such as the associated zone of kink folds, the change in style of
minor folds across the fault, overturning in the footwall, and
rotation of structures southeast of fault B. Because of the nearhorizontal orientation of maximum compression in a thrust fault
setting, these features are more easily accommodated in a thrust
model.

Age of Faults
The maximum age of the thrust faults is Early Devonian.
The faults must be younger than probable Lower Devonian rocks
of the lronbound Mountain Formation which they cut, but the
minimum age is unconstrained. However, because of the close
association with folds - both the zone of kink folds and minor
asymmetric folds - the faults are considered to be syntectonic
with these ductile features. Inasmuch as Acadian folds are the
youngest folds in this part of Maine, the faults are probably also
of Acadian origin.
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NORMAL FAULTS
Within the field area are several northwest-trending faults
of probable nonnal displacement (Fig. I). They are inferred
from the displacement of strike belts and are younger than thrust
fault B which they crosscut. Similar faults may crosscut the
Marie Petuche fault, but have not been recognized because of
the difficulty in assessing offset in the Frontenac Fonnation.
These faults are probably similar to those which crosscut the
Moose River synclinorium and Lobster Mountain anticlinorium
to the south (Osberg et al., 1985).
THRASHER PEAKS FAULT
The Thrasher Peaks fault is a major feature which extends
from northwestern Maine near Jackman (Fig. 2), across the
Eastern Townships of Quebec Province, into northern New
Hampshire. The mapped length of the fault, from outcrops
described herein to its southern tennination about 10 km south
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of Magalloway Mountain, New Hampshire, is approximately
200 km. Along much of its length in New Hampshire and Maine
the Thrasher Peaks fault trends northeast-southwest and juxtaposes pre-Silurian rocks of the Boundary Mountains anticlinorium on its southeast side with Silurian and Devonian
rocks on its northwest side (Moench, 1984; Osberg et al., 1985).
The fault dips steeply toward the northwest along this segment
and shows mostly dip-slip movement although it is not certain
whether it is of nonnal or reverse displacement (R. H. Moench,
pers. commun., 1987).
Along the continuation of the fault east of the Chain Lakes
massif and Attean pluton, the structural and stratigraphic
relationships are distinctly different. There the Thrasher Peaks
fault trends nearly east-west and is bounded on both sides by
Silurian and Devonian rocks of the Moose River and Connecticut Valley - Gaspe synclinoria. Strike belts in this region are
relatively broad and structures relatively open. These observations suggest that the nature of the fault changes along this
segment of its length.

Figure 3. Sketch map and roadcut sketches of the Marie Petuche fault
zone exposed at the international bordernorth of Jackman on U.S. Route
20 I and Quebec Route 173. Roadcut is exposed behind parking area
00 oorth"" ""of
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Outcrop Description
The Thrasher Peaks fault is exposed in two outcrops located
northeast of Jackman (Fig. 4), informally referred to as the
northern and southern outcrops, which are separated across
strike by a 100 m wide topographic low with no exposure. Each
outcrop exposes clasts and shear traces in a matrix of dark gray
slate and is interpreted as fault gouge. The gouge, which on first
appearance looks like a conglomerate, probably underlies the
entire zone between the outcrops. The characteristics of this
tectonic pseudo-conglomerate provide much information about
fault displacement and duration. Figure 5 shows a representative
portion of each outcrop.
The most striking similarity in both outcrops is the nature
of the clasts in the gouge. They are dominantly granitic, with a
mineralogy consisting of euhedral quartz, powdery white altered
plagioclase, K-feldspar, green biotite forming pseudomorphs
after hornblende, and some chlorite. The coarse-grained
mineralogy imparts a green and white mottled appearance to the
clasts. The clasts usually have a pronounced mineral foliation
parallel to their long axes. Their mineralogy, texture, and color
in both hand specimen and thin section are identical to rocks of
the Attean pluton, described in detail by Albee and Boudette
( 1972), which is located approximately 15 km westward along
the fault trace.

While the clast types in each are quite similar, the outcrops
differ notably in clast size, style of deformation, and degree of
structural overprinting. In the southern outcrop, clasts are relatively small and elongate, with long axes ranging from 2 to I 0
cm and short axes about half that (Fig. 5a). Incipient necking in
some clasts suggests that ductile deformation may have been
important at some period, although this phenomenon is not well
developed. However, numerous anastomosing, near-vertical
shear surfaces contain abundant phyllosilicates and poorly
formed pressure shadows have developed at the terminations of
some clasts (Fig. 5a). These phenomena support the possibility
that ductile deformational mechanisms were active. Furthermore, the pressure shadows are commonly asymmetrical about
the clasts (Fig. 5b). The asymmetry is indicative of dextral
translation, based on the criteria set forth by Simpson and
Schmid ( 1983).
The last important characteristic of the southern outcrop is
that the gouge zone is folded. A line drawing of the outcrop (Fig.
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Figure 4. Sketch map showing location of Thrasher Peaks fault outcrop northeast of Jackman discussed in text and illustrated in
Figures 5 and 6.

6), shows clast-rich gouge zones folded in antiforms and synforms which trend east-northeast, and are cut by an east-northeast-trending axial plane cleavage. The style and orientation of
these structures are similar to others of inferred Acadian origin
throughout the region.
By contrast, clasts in the northern outcrop are large, ranging
from 5 through 30 cm in length, and are less elongate. The
dominant deformational style in this outcrop is cataclastic.
Near-vertical, brittle shear surfaces cut many of the large clasts,
resulting in intersheaved slices of granite and dark gray slate
(Fig. Sc), and a hack ly outcrop surface. The texture of most
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clasts is dominated by anastomosing fractures. No post-fault
folds were observed in this outcrop.
Shear surfaces in the northern outcrop are exceptionally
we ll ornamented with kinematic indicators. A hand specimen
(Fig. 7) shows the orientations of some of these structures on a
sub-vertical shear surface. First, the specimen contains a number of granitic clasts which have been elongated along a subhorizontal axis. Second, narrow mullions related to shearing
around the more competent clasts are nearly horizontal on this
surface. Third, a sub-horizontal lineation caused by smear of
clast minerals is parallel to the mullions. Fourth, the shear
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Figure 6. Line drawing of southern Thrasher Peaks fault outcrop.
Clast-rich mylonitic zone is folded and cut by regional Acadian
cleavage.
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Figure 7. Hand specimen of cataclastic rock in the Thrasher Peaks fault
zone. View shows south-facing, near-vertical surface; east toward right.
A number of granitic clasts (center and top-center) are smeared out in a
sub-horizontal orientation (E-W). Surfaces are ornamented with subhorizontal mineral lineations and mullions as well as slickenside steps,
the risers of which face west.

Figure 5. Examples of Thrasher Peaks fault outcrop characteristics. (a)
Southern outcrop. Granitic clasts are attenuated and set in a sheared and
mylonitized matrix of dark slate. Field of view: 40 cm. (b) Sketch of
several clasts in southern outcrop showing asymmetry of pressure
shadows (stippled). (c) Northern outcrop. Hackly texture resulting
from brittle shearing, and intersheaving of slate and large granitic clasts.
Pencil is 15 cm long.

surface has slickenside steps, the risers of which on the southfacing plane of this sample face west. This phenomenon may or
may not indicate right-lateral movement (Hobbs et al., 1976).
All these observations suggest that sub-horizontal shear within
a vertical plane is important in this fault zone.

Clast comminution through shearing is evident in the northern outcrop. In a slabbed sample, cut along a horizontal plane,
the origin of small clasts is well shown (Fig. 8). The large
granitic clast on the left contains many anastomosing shears.
Throughout most of the clast these shears show little displacement, but in its upper right comer movement was sufficient to
displace small fragments of the clast. Movement separated some
lozenge-shaped fragments from the clast and distributed them
within the slate matrix. Many fragments of similar shape can be
seen throughout the sample, but it is not clear whether they were
derived from the large clast or some other. Anastomosing shear
surfaces can also be seen. A broad and diffuse pressure shadow
has developed at the right end of the large clast. In this shadow,
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Figure 8. Sketch of slabbed sample of cataclastic rock from the Thrasher Peaks fault zone (map view). Large Attean clast (left) is
fragmented by anastomosing shears, especially in its upper right comer. Lozenge-shaped granitic fragments are scattered throughout
disrupted slate matrix. Stippling in pressure shadow of large clast where matrix grain-size is larger and shears fewer.

the grain size in the matrix material is slightly larger, presumably
due to exsolution of minerals in this area. Poorly defined pressure shadows can be found on the ends of a number of clasts.
Similarclast-rich gouge zones have been reported by Westerman
( 1979, 1980) in the fault zone where it bounds the north side of
the Chain Lakes massif.

Age of Faulting
The constraints on the timing of the Thrasher Peaks fault,
while better defined than those pertaining to the thrust faults, do
not provide a consistent picture of movement. Observations
from the fault outcrops suggest that part of the fault was active
prior to Acadian folding since the fault gouge itself is folded in
the style of Acadian deformation in the region. Acadian deformation probably occurred prior to 400 Ma, the age of the undeformed Lexington pluton which punctures folded rocks of the
Seboomook Group farther south (Gaudette and Boone, 1985).
However, the fault can be no older than the Lower Devonian
lronbound Mountain Formation which it cuts, unless it is a
reactivated older structure. To the southwest the fault truncates
40
the Spider Lake pluton, dated at 371±1 Ma (hornblende Ar39Ar; Lux, 1983 ). The Deer Pond fault (Fig. I), felt to be related
to the Thrasher Peaks fault because of its proximity, parallelism,
and similar length, is intruded by the pluton, however. Apparently, different segments or strands of the Thrasher Peaks fault and
other related faults were active at different times and for different
durations.

Interpretation
The following summary points about the Thrasher Peaks
fault can be made from these observations: (I) The dominant
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displacement on this section of the fault zone is right-lateral, as
demonstrated by kinematic indicators and the source of the
clasts. (2) Clasts in the gouge were derived through shearing of
the Attean pluton in situ, presently exposed 15 km to the west,
and were then dragged along the fault to their current location.
(3) The dark gray, fine grained matrix of the gouge is derived
from slates of the Seboomook Group. (4) Movement on this
fault continued throughout the Acadian orogeny and may, in part,
postdate it. This is suggested because faulting in the northern
outcrop postdates folding. However, this may represent more
recent reactivation of the fault.
The distance of 15 km along the fault trace to the nearest
outcrop of the Attean pluton may be considered an upper limit
on the transport distance of the clasts. If the Attean pluton has a
laccolithic shape similar to many other Maine plutons (Osberg
et al. , 1985), then it likely extends eastward beneath the Moose
River synclinorium, although the magnitude of this extent is
unknown. A crude estimation can be made of its possible position based on present outcrop location and relationships with
overlying rocks. The Attean pluton crops out 15 km west of the
fault locale and is unconforrnably overlain by sedimentary rocks
which dip eastward (Albee and Boudette, 1972). The magnitude
of dip is variable due to later folds, but an average of 20 degrees
is reasonable and is assumed to be close to the dip of the
unconformity. Since this is an erosional surface, it probably dips
less steeply than the actual intrusive contact. Using 20 degrees
as a minimum, then, the Attean pluton can be projected to a depth
of at least 5 or 6 km beneath the fault outcrop, though such an
extent for the pluton is not supported by aeromagnetic (Boucot
et al. , 1964) or gravity evidence (Bothner, 1985). Since movement on the fault seems to have been within I 0 degrees of
horizontal, the clasts may have been derived from as near as 10
km to the west.

Thrust and strike-slip faults near Jackman, Maine
Some alternati ve interpretations can be made from these
data. One is the possibility that the outcrop represents a sheared
conglomerate or debri s flow within the lronbound Mountain or
Northeast Carry Formations. While this cannot be entirely
refuted, the re are a number of factors which make this unlikely.
The lozenge shape of clasts is characteristic of clasts originating
through shearing of larger fragments (Mitra, 1984; Sibson,
1977). C lasts in debri s flows of similar age e lsewhere in the area
(e.g., in the Iron bound Mountain Formation) and conglomerates
(Upper Silurian conglomerate of Albee and Boudette, 1972;
Hobbstown Formation of Boucot and Heath, 1969; Rangeley
Formation of Moe nc h and Boude tte, 1970) are generall y
polymictic and subrounded unless part of a shear zone. But
pe rha ps the best ev idence opposing this interpre tation is that the
clasts, especially the large ones of the northern outcrop, are
penetratively fractured in similar fashion to in situ rocks of the
Attean pluton near Turner Ponds. It seems unlikely, given the
competency contrast of granitic rocks and slate (Jaeger and
Cook, 1976), that clasts freely floating in a ductile matrix would
be so fractured by shearing of the conglomerate. More probable
is the possibility that the granitic clasts were cataclastically
deformed while part of a large body. Large blocks were dragged
along the fault zone to their present location, fragmenting en
route (see Fig. 8). Presumably, the same characteristics could
develop through shear of a debris flow containing cataclastically
deformed clasts, requiring a more fortuitous combination of
debris flow transportation direction, composition, and locus of
later fau lting.
Another alternative is that the granitic clasts were derived
from the Attean pluton at depth and brought to their present
location largely by vertical fault movement, indications oflateral
movement having resulted from a late phase of faulting. If the
pluton extends this far east it would probably be deeper than 6
km. In order to develop the relationships observed in outcrop
from the pluton at depth a fairly complex scenario is required.
Near-vertical movement on the fault would have to be first in
one sense and then in the opposite in order to drag granitic
fragments into the fa ult, but show little vertical displacement in
the units exposed at the surface. Polarity reversal of this type
would be required a number of times to develop the contrasting
northern and southern outcrops. Only the latest movement
would be strike-slip, accounting for the kinematic indicators.
This seems Jess likely than simple, continuous, right-lateral
strike-slip.

STRUCTURAL SYNTHESIS
The preceding sections show that movement on the
Thrasher Peaks fault occurred during the Acadian orogeny and
that movement on the northwest-direc ted thrusts probably occurred during a similar time frame. A structural model for the
region, therefore, must incorporate the development of these
differing fault styl es within a limited time period. The
hypothesis proposed here is that the thrust faults and perhaps

Figure 9. Strain ell ipse for right-lateral strike-slip regime showing
typical orientations of ancillary structures developed in this selling.
Modified from Sylvester and Smith ( 1976), Harding ( 1974).

even the northwest-trending high-angle faults are ancillary structures within a strike-slip reg ime. Figure 9 is a schematic represe nta tion of the strain ellipse associated with east-west,
right-lateral strike-slip faulting including the relative orientations of ancillary structures which can develop in this regime.
While the relat ionships shown are only applicable for incremental strain in the strict sense, they can be used loosely to define
the quadrants of tension and contraction within a right-lateral
strike-slip setting.
In general, reverse and thrust faults in the setting shown in
Figure 9 strike northeast-southwest; normal faults strike nearly
perpendicular to these. Such structures develop when the principal compressional axis is oriented obliquely to the strike-slip
fault, which is a common occurrence when the fault trace is
curvilinear. This results in a component of compression or
tension oriented at an angle to the fault. All of these structures
are not normally developed along one portion of a strike-slip
zone, but each may be locally developed along different portions
(Crowell, 1974; Harding and Lowell, 1979). The Marie Petuche
and the other northwest-directed thrust faults in the region may
represent northeast-striking ancillary faults to the Thrasher
Peaks fault, as shown in cross-section (Fig. IO).
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The configuration of ancillary reverse or thrust faults about
a strike-slip fault , viewed in cross section, has been termed a
flower structure by Harding and Lowell (1979). At variable
depths dependent on level of exposure, the thrusts and reverse
faults are interpreted to merge with the strike-slip fault. While
in many settings flower structures are symmetrical about the
main fault zone, they need not be (Harding and Lowell, 1979).
It is uncertain whether a symmetrical set of thrust faults exists
on the south side of the Thrasher Peaks fault in the Moose River
synclinorium; none have been recognized in earlier mapping by
Boucot and Heath ( 1969). Hence, the Thrasher Peaks fault and
ancillary thrusts are configured in a half flower structure, similar
in size, style, and displacement to structures mapped by Lowell
( l 972) in a strike-slip zone in Spitsbergen and by Gates ( 1987)
in the Piedmont of southwestern Virginia.
Proposing that the northwest-directed thrusts share their
origin with right-lateral strike-slip faulting provides an explanation for a perplexing problem related to the thrusts. Specifically,
continuations of the thrusts both to the northeast and southwest
have not been recognized in recent mapping (Pollock, 1983; S.
R. Cheve, pers. commun., 1982). It is possible that they have
not been recognized in those regions because the Frontenac
Formation lacks distinct stratigraphic markers. It is more likely,
given the nature of the Thrasher Peaks fault, that these northwestdirected thrusts are local phenomena related specifically to oblique movement along a strike-slip portion of the fault and thus
would not be expected to extend for great lengths.
The natures and configuration of the faults may also be
related to their strikes. Along most of its length, in particular in
New Hampshire where it is a high-angle fault of probable
dip-slip movement, the Thrasher Peaks fault strikes northeastward. Northeast of Jackman it strikes nearly due east while
the Marie Petuche fault has a northeast strike. If motion along
the Thrasher Peaks fault in New Hampshire were oblique, then
the faults in Maine may have resulted from resolving the oblique
motion into its vertical and strike-slip components. The argument for oblique convergence is enhanced by recent work on
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major Acadian faults of the Gaspe Peninsula by St-Julien et al.
( 1988). They found evidence for significant right-lateral strikeslip along east-west-striking segments of the faults and argue that
Acadian convergence, which produced the predominant northeast-southwest structural grain, was oblique. In terms of the
overall scheme of displacement along the Thrasher Peaks fault,
the differences between the nature of faulting in the Jackman
area and northern New Hampshire suggests that the fault is
neither purely strike-slip or purely dip-slip; it is most probably
of oblique slip. In east-west-striking sections, strike-slip
predominates. In northeast-southwest striking sections, dip-slip
predominates.

CONCLUSIONS
Outcrop evidence along the Thrasher Peaks fault northeast
of Jackman, Maine, indicates that the primary displacement
along the fault in this vicinity is right-lateral strike-slip. Based
on crosscutting relationships with Acadian structures and intrusions, the fault was probably active during much of the
Acadian orogeny. Thrusting along the Marie Petuche fault and
its imbrications may have been related to right-lateral faulting
because the principal axis of compression tends to be obliquely
oriented along curvilinear sections of strike-slip faults.
The implications of this interpretation of the Thrasher Peaks
and related faults in northwestern Maine concern the extent of
this style of faulting, and its duration. Given the magnitude of
displacement documented near Jackman, it seems likely that the
fault continues for some distance to the northeast. Possible
candidates for its extension include the suite of faults mapped by
Pollock ( l 983, 1985) in the Caucomgomoc area. In the
monotonous slates beyond, the fault zone may be quite cryptic.
The recognition of a significant strike-slip component along
a major fault in western Maine suggests that other faults may
exhibit oblique slip as well and that their reevaluation is warranted.

Thrust and strike-slip faults near Jackman, Maine
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ABSTRACT
The Mount Waldo granite in southeastern Maine, although a generally massive rock, has rock-fabric properties
which influence the geomechanical behavior of the rock. Strength and deformation properties in the pluton are
directional and controlled by joint and microfracture orientations, which are themselves linked to the flow-induced
alignment of microcline crystals. Vertical longitudinal and cross joints which formed during cooling of the pluton,
as well as much younger, subhorizontal sheeting fractures, are commonly associated with subparallel, discontinuous
microfractures. The orthogonality of microfractures (open, healed, and filled) establishes the ease of splitting of the
granite. The direction of easiest splitting (rift) is subhorizontal, the direction of second easiest splitting (gram) is
parallel to the cross joints, and the direction of least easy splitting (hardway) is parallel to the longitudinal joints
and N-S orientation ofmicrocline phenocrysts. These characteristics have permitted the quarrying of very regular
blocks that are well suited to the construction of buildings and bridges. Where the alignment of potassium feldspar
phenocrysts can be clearly recognized, the direction of most efficient mining can be established. When this relation
is disregarded, difficult excavation and uneven breakage may result.
Static and dynamic measurements, made in the field and laboratory, established that structural features are
responsible for a marked stiffness anisotropy of the granite. In the central part of the pluton the static Young's
modulus in the north-south direction (longitudinal joint orientation) averages 31.l GPa, in comparison to 20.9 GPa
in the east-west direction (cross joint orientation). The stiffer north-south direction parallels the long C-axes of
microcline phenocrysts and microfractures that were identified in outcrop, core samples, and thin sections. Young's
dynamic moduli, which were derived from downhole seismic measurements and laboratory bulk densities, range
from 2.5 to 16.l GPa, which appears to be anomalously low when compared to laboratory static horizontal values.
However, the field seismic values were confirmed by laboratory ultrasonic testing of oriented cores. The field results
reflected the presence of closely spaced layers of open horizontal microfractures. Deformation and strength
characteristics that are closely tied to fluid inclusion planes, mineral-filled microfractures, and microcline orientation could be extrapolated to greater depths with good hope of success of obtaining similar values.
Fabric and stress relationships suggest that openings should have walls north-south a nd east-west, with the long
axes of underground excavations oriented east-west. Fluid migration in the granite is slow, as indicated by injection
tests and by perched water levels in several mountainside quarries, which were observed to lose little water annually,
other than through evaporation losses.
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INTRODUCTION
Geomechanical studies of the Mount Waldo granite were
prompted by the identification of this rock mass as being a
potentially suitable host for a shallow underground oil repository
(U.S. Department of Energy, 1980). The location of the pluton
near a deep-water port, the massiveness, low permeability, and
low seismic potential of the pluton, and a relatively high regional
water table were favorable factors. However, quarries in similar
massive rocks have experienced rockbursts, spalling, and
squeezing rock conditions that result in hazardous operating
conditions, increased maintenance costs, and in a few cases,
abandonment of the facility. Severe rockbursts have been documented in the Mount Waldo granite (Dale, 1907). The
geomechanical principles that control these events are poorly
understood and warrant investigation so that future structures
can be located where hazard-prone rock conditions are minimal,
or so that the structures can be designed to accommodate hazardous conditions. Our investigation supplemented previous
research on rock stresses in massive igneous rocks conducted by
the U.S. Geological Survey (Lee and Nichols, 1972; Varnes,
1970; Lee et al., 1976; Nichols, 1986).
The main objectives of our study were:
1. To investigate the relationships among in-situ stresses,
topography, and temperature gradient; and among rock fabric,
rock strength, and deformation.
2. To determine the cause ofrockbursts and to identify those
parts of the granite that are susceptible to such conditions.
3. To evaluate field and laboratory information in terms of
the feasibility of construction of underground oil-storage chambers.
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Figure I. Location map of the Mount Waldo area, Maine, showing
generalized geology (modified from Stewart and Wones, 1974.) Passagassawakeag Gneiss = Precambrian, Penobscot Formation = Ordovician, Bucksport Formation = Late Silurian to Early Devonian,
Mount Waldo granite= Devonian, and Lucerne granite= Devonian.

GEOLOGIC SETTING
The Mount Waldo granite, located in mid-coastal Maine, is
a Devonian age (390 Ma) pluton (Brookins, 1976) that intrudes
tightly folded, northeasterly striking Precambrian and lower
Paleozoic schists, gneisses, quartzites, and migmatites (Fig. 1).
The granite is holocrystalline, light to medium gray, medium- to
coarse-grained and porphyritic. It contains perthitic microcline
(42%), plagioclase (29% ), quartz (25% ), and mafics (principally
biotite, 4%). At the contact with the metamorphic country rock,
the granite is fine- to medium-grained and non-porphyritic with
allotriomorphic texture.
In the northwest part of the study area, the Passagassawakeag Gneiss (Bickel, 1971) is the host country rock for the
granite and is thought to be of Precambrian age (Wones, 1977).
The metamorphic rock is a quartz-feldspar-biotite augen gneiss
with less common layers of quartz-muscovite-biotite schist and
biotite schist. Mylonitic textures as well as intrusive migmatites
are abundant. Several episodes of deformation and regional
metamorphism have deformed the gneiss and have produced
rocks of the second sillimanite grade. The rock is foli ated
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throughout (Fig. 3); however, gneiss, migmatite, and quartzbiotite-muscovite schist tend to be more massive than the biotite
schist. Major joints, N45-55°E, 50-60°NW, are parallel to foliation, and a secondary but strong joint set is oriented N80°W,
75°SW. Sheeting is poorly developed in the gneiss, and commonly only one or two sheets, which are less than 1 m thick, can
be recognized.
Faulting affected the region throughout Paleozoic time, and
considerable movement took place before the emplacement of
the Devonian granite plutons (Wones and Stewart, 1976). The
Norumbega fault zone, a major structural feature in northern
New England, consists of at least three separate fault traces in a
zone approximately 2000 m wide (Wones, 1977) (Fig. 1). The
overall motion on the strike-slip fault is right-lateral, and most
movement occurred in mid-Paleozoic time. In the study area the
fault zone strikes consistently N60°E and dips steeply to the
northwest, approximately parallel to the foliation of the gneiss.
According to D. R. Wones (pers. commun., 1978), little, if any,
Quaternary movement has taken place along the fault.

Properties of the Mount Waldo granite
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PLUTON GEOMETRY AND EMPLACEMENT
0

In plan view the granite mass is elongate to the northeast
and has a long dimension of approximately 19 km and an
exposed area of 170 km2 (Fig. 1). Sweeney (1976) constructed
a three-dimensional model of the pluton based on gravity data
and structural features. The body is steep sided, and its horizontal area decreases slightly with depth. Sweeney's model shows
that the average thickness of the pluton is less than 7 km; the
deepest zone is south and west of the outcrop center. The deep
zone ("root zone") is apparently separated into two northeasttrending sections, which may reflect the presence of zones of
weakness parallel to the tectonic strike, along which upwelling
from a common parent source took place (Sweeney, 1976). Flow
may have been from south to north because flow lines,
reconstructed from aligned microcline phenocrysts (Fig. 2),
trend east-west at the north end of the body, where magma may
have been deflected at the north end of the chamber (King, 1977).
The general effect of the flow process was to orient the longer
C-axes of microcline phenocrysts roughly north-south, which is
parallel to the direction of magma movement. The average strike
of the long axes of microcline phenocrysts is N5°E, but a range
of orientations was measured because local conditions affected
grain orientation (Fig. 3). Near the chamber walls where flow
was restricted, the orientation of long axes is less well defined
than in the center of the mass. Similar conditions in other plutons
were recognized by Balk ( 1937), who distinguished "principal
flow" from "local flow."
The Mount Waldo granite was probably intruded along a
structurally weak zone in the Passagassawakeag Gneiss at the
culmination of regional Acadian thermal and structural events in
Maine. Stress conditions during emplacement were probably
the same as those that caused the right-lateral faulting that
dominated the region throughout middle Paleozoic time and

44°

3d

Figure 3. Foliation trend lines of rnicrocline phenocrysts in the Mount
Waldo granite and strike of foliation in the country rock. Dips generally
exceed 75°. Data in part from Trefethen ( 1944) and D. R. Wones
(unpublished map, 1977 ). Numbers show location of test sites
described in text.

controlled episodic movement along the Norumbega fault zone
(Wones and Stewart, 1976).

STRUCTURAL FEATURES OF THE
MOUNT WALDO GRANITE
Sheeting
The most conspicuous structural feature of the Mount Waldo
and other coastal granites is the pervasive sheeting (exfoliation)
which has developed parallel or subparallel to topographic surfaces (Fig. 4). The sheeting is best developed in massive rock
and was observed in all exposures of the granite. Sheets are 3-20
cm thick at the surface, typically increasing to 3 m and greater
at depths of7-15 mas seen along quarry walls and in drill cores.
The sheeting fractures pass through vertical diabase dikes
that are the youngest (200 Ma; McHone, 1978) igneous rocks in
the region. On the basis of age and topographic relations, the
sheeting probably did not result from shrinkage associated with
cooling of the magma. Such fractures would seem to belong to
the general category of "unloading fractures" that typically appear suddenly after the release of confining pressure (Oilier,
1969). In the gneiss, however, deformation from unloading
presumably took place along abundant preexisting joint and
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Figure 4. Development of sheeting in the Mount Waldo granite. Fractures closely reflect changes in topographic slope. Notebook is 21 cm
long.

Figure 5. Subhorizontal shear zone in the Mount Waldo &ranite near
site I .

foliation surfaces. In the study area we have observed sheeting
to depths of 30 min the granite (where it shows slight alteration),
but it may extend deeper as it does in granitic rocks elsewhere
in New England. Local subhorizontal shear zones are closely
associated with upper levels of sheeting (Fig. 5). These shear
zones consist of closely spaced, en-echelon fractures that are
oblique to the bounding sheets and that contain sand- to clay-size
gouge material. These fracture features probably formed at
locations of shear stress concentrations.

Mount Waldo granite pluton (Wones and Stewart, 1976).
Diabase dikes reportedly have been offset along a northeaststriking vertical fracture 50 km southeast of the study area,
suggesting that the shear displacements may be less than 225200 Ma (Westerman, 198 1). A few of the northeast-striking
fractures form gouge zones, but both the gouge zones and
individual conjugate shear fractures are discontinuous and less
numerous than the primary cooling fractures.

Microfractures
Joints and Dikes
A relationship betwee n joint attitudes and feldspar
phenocryst alignment has been reported in massive igneous
rocks (Balk, 1937; Hutchinson, 1956). Primary cooling joints in
the Mount Waldo pluton are at high angles (cross joints) and
parallel (longitudinal joints) to the microcline lineation and are
consistently vertical or near vertical (Figs. 3, 6, and 7). The cross
and longitudinal joints strike approximately east-west and northsouth, respectively, except near the boundaries of the pluton
where flow was less regular (Fig. 7). The primary joints commonly are spaced 1-2 m apart. The cross joints acted as hosts
for the widespread intrusion of aplite dikes during Late Devonian
and/or Early Mississippian time (362 Ma; author's unpublished
data). Aplite dikes pervaded the adjacent country rocks to a
lesser extent (Fig. 8). In Late Triassic and Early Jurassic time
(225-200 Ma; McHone, 1978), a few cross joints were again
opened and diabase dikes were emplaced. However, these
diabase dikes are rare, even though they extend several
kilometers along strike.
Renewed regional east-west compression in post-Mississippian time caused right-lateral displacement on the nearby
Norumbega fault and probably produced the infrequent northeast- and northwest-striking conjugate shear fractures in the
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The pluton contains abundant discontinuous microfractures
(open, healed, and mineral-filled) that are oriented in three
different directions, approximately perpendicular to each other.
The microfractures are oriented (1) parallel to the cross joints,
(2) parallel to the longitudinal joints, and (3) parallel to the
sheeting fractures (Figs. 7, 8, 9, and 10).
The open microfractures have surfaces with no mineral
deposition. Numerous fluid inclusion planes (or bubble trails)
are healed microfractures that have been resealed within a grain
by the same optically continuous mineral. Filled microfractures
contain primary and/or secondary alteration minerals that are
unlike the host grain.
The majority of rnicrofractures that were observed are open
and are contained within, or transgranular through, clusters of
quartz grains (Fig. 1Oa). Most of the open microfractures are
horizontal or subhorizontal and appear to be related to the young
sheeting fractures. The density of open microfractures increases
as a sheeting fracture is approached. Many of the open
microfractures are vertical and parallel fluid inclusion planes, or
are regenerated along these bubble trails, which indicates a
weakness along resealed fractures (Fig. !Ob). Where the sheeting follows changes in topography, many microfractures and
fluid inclusion planes persist in the horizontal plane.
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Figure 6. Primary cooling joints (longitudinal and cross) mapped in outcrops, quarries, and roadcuts.
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Figure 7. Rose diagram of the strikes of 300 primary co oling joints in
the Mount Waldo granite. One scale division equals one joint. Heavy
lines represent average strikes of predominant microfracture orientations.

Parallel and intersecting fluid inclusion planes are a common feature in vertical and horizontal planes of view within
quartz aggregates and feldspar crystals (Fig. 11 a). Tuttle ( 1949)
believed that the fluid inclusions formed along old, partially
healed microfractures which were produced in the rock during
previous stress regimes.
The least common type of microfractures that were observed are mineral-filled, parallel sets of microfractures confined
within the large microcline phenocrysts. The minerals filling the
microfractures include quartz, plagioclase, biotite, and epidote.
These do not appear to be simple dilational microfractures
because the lamellae of plagioclase grains enclosed by the
microcline are offset (Fig. I lb). Kinked biotite and de formed
quartz grains next to these microcline grains suggest that shearing took place. Epidote-lined microfractures found within shear
zones in the granite support this conclusion. The vertical
mineral-filled and open microfractures that trend in the crossjoint (east-west) direction appear to be the same age.
Microfractures influe nce the ease of splitting in the granite.
The greatest ease of splitting (rift) is subhorizontal, parallel and
subparallel to the sheeting fractures. The second easiest direc-
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Mount Waldo granite
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Figure 8. Dikes, aplite veins, and mineralized stringers in the Mount Waldo granite.

tion of splitting (grain) is parallel to the cross joints. The most
difficult direction of splitting (hardway) is parallel to the longitudinal joints (Fig. 9).

MECHANICAL PROPERTIES AND ROCK FABRIC
Microfracture geometry and microcline phenocryst alignment are the chief factors responsible for directionality in the
tensile and compressive strength, Young's modulus, and sonic
velocities in this rock (Lee et al., 1984). The influence of
microfracture orientation on the compressibility, strength, and
porosity of granitic rocks has been investigated by several
workers (Walsh, 1965; Brace, 1965; McWilliams, 1966; Norman , 1967; Douglass and Voight, 1969). The observed
microfractures are short (< 13 mm) and discontinuous, and their
abundance varies spatially. Values of Young's modulus as
measured by both static compression and ultrasonic tests for the
stiffest horizontal directions, are consistently concordant with
the microcline alignment (NI0°W-N25°E), and range from JO
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to 84% greater than the east-west values (Table I). A partial
e xplanation for this apparent control is that microcline, the most
abundant mineral in the granite, has a high Young's modulus
parallel to the long C-axis. According to Brace (1965),
microcline is the most anisotropic of common, low-symmetry
minerals, and he reported values of linear compressibility for
various ax ial directions that vary by as much as 382%. At test
site 4 (Fig. 3) in the southern part of the pluton, the microcline
alignment departs from the norm and is aligned at N60°w, and
the maximum direction of greatest horizontal stiffness is approximately N45°W.
Downhole seismic measurements showed low dynamic
Young's moduli (2.5-16.2 GPa) for the granite, which intially
appeared anomalously low when compared to static (horizontal)
values that range from 15.0 to 33.6 GPa. These values, however,
were confirmed by laboratory ultrasonic testing of cored granite.
Samples taken from fresh, massive blocks yield Young's
modulus values for the east-west grain direction that are about
2.5 times greater than those for the vertical direction. By applying a vertical uniaxial compression perpendicular to the rift
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Figure 9. Generalized diagram of central zone of Mount Waldo granite.
Structural features are exaggerated. Rift direction (easiest splitting) is
subhorizontal, grain direction is parallel to the cross joints, and C-axes
of microcline and the hard way follows the longitudinal joints. All three
directions are parallel to microscopic fluid inclusion planes or open
microfractures. Enlargement shows two microcline phenocrysts and
various microstructures.

direction , this difference can be reduced to 10-20 percent under
average pressures of 20 MPa, which corresponds to a depth of
approximately 800 m. Upon removal of load, samples recover
only a fraction of their high pretest anisotropy. The seismic field
results reflected the presence of closely spaced horizontal to
s ubhorizontal open microfractures (Figs. !Oa and l Ob). At
depth, fractures are probably closed and differences in modulus
anisotropy should be reduced.

IN-SITU STRESSES
Measurements of horizontal stresses in the Mount Waldo
granite and the adjacent metamorphic rock were obtained from
shallow drill holes by using the U.S. Bureau of Mines (USBM)
overcoring method (Hooker and Bickel, 1974). These field
operations were carried out in 1978 and 1982 (Fig. 12).

Measurement Procedures
The USBM overcoring method for measuring stress consists
of: ( 1) drilling a 38-mm diameter hole in the rock with an

Figure 10. (a) Photomicrograph of transgranular, open microfractures
through quartz and plagioclase grains (site 2 on Fig. 3). These open
microfractures are horizontal and parallel the young sheeting fractures.
Field of view is 5 cm. (b) Photomicrograph of open horizontal
microfractures that are parallel to fluid inclusion planes. Field of view
is 2cm.

EX-size diamond drill bit; (2) placing an oriented borehole
deformation gauge in the hole; and (3) drilling a concentric
152-mm diameter slot around the inner borehole and gauge,
while monitoring the resultant change in diameter of the inner
borehole. The borehole deformation gauge detects the changes
in diameter simultaneously along three diameters oriented at 60°
to each other in the plane perpendicular to the axis of the hole.
These diametral changes occur when the annular volume of rock
between the gauge and the outer s lot is freed from the stresses
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Figure 12. Overcore stress-relief measurements being made at site 2
(Fig. 3). Traces of widely spaced vertical, orthogonal cooling joints are
accented by vegetation.

Figure 11. (a) Vertical photomicrograph of intersecting vertical and
horizontal fluid inclusion planes in a quartz grain (site 2 on Fig. 3). Field
of view is 2 mm. (b) Horizontal photomicrograph of parallel sets of
mineral-filled microfractures within a microcline grain. Note the offset
of lamellae in the included plagioclase grain (arrow). Field of view is
7mm.

that existed on it prior to the overcoring. A knowledge of the
rock's elastic constants allows one to convert the diametral
changes into stresses that existed prior to drilling the inner hole.
The Young's modulus of the rock is measured after overcoring
by using a biaxial pressure chamber to pressurize the outside
diameter of the sample, while the change in its inner diameter is
measured with the borehole deformation gauge (Fitzpatrick,
1962). Modulus measurements were generally made within 1-3
hours after overcoring.

Factors That Influence Stress Measurements
Stress measurements and their interpretation may be influenced by several factors including rock anisotropy, faulting,
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temperature, and topography (Hooker and Johnson, 1969; Tullis,
1981; Lee et al., 1976; Savage and Swolfs, 1986). For these
reasons, stress-relief measurements should be analyzed in light
of in-situ conditions. Sites for this study were selected in order
to minimize local topographic effects, where possible, and were
concentrated in the eastern part of the pluton where an oil-storage
facility most likely would be located.
Topographic Effects. Topographic modifications of
gravitational and tectonic stresses can be caused by valleys or
ridges (Savage and Swolfs, 1986; Jaeger and Cook, 1969). The
results of the study by Savage and Swolfs (1986) show that
topography reduces horizontal tectonic compression near the
crests of ridges and concentrates tectonic stress in valleys. In the
case of gravity-induced stresses, compression is developed at
and near ridge crests and horizontal tension develops under the
valley. These latter effects were not detected in our measurements. Quantitatively correcting stress measurements for the
effects of minor irregularities and subdued topography is difficult and probably unwarranted.
However, several of our measurement sites (I, 2, 5, and 7)
were on ridges or hillslopes whose presence may have altered
the regional stress field. For example, north-trending ridges and
an east-oriented principal horizontal stress would cause shallow
stresses (i.e., above the intervening valley bottoms) to be reduced
in the east-west direction. Measurements on or near the ridge
tops would erroneously indicate that the regional stress was
greater in the north-south direction. Inspection of the topography and stresses at site l (Fig. 13, Table 1) shows that the east
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TABLE I. IN S ITU HORIZONTAL STRESSES, YOUNG ' S MODULI, AND RELATED INFORMATION FROM THE
MOUNT WALDO GRANITE AREA, MAINE.
Field Depth
1
(m)
Site

2

3

4

5

6

7

Principal horizontal s tress
(<JJ)
Minimum
Maximum
(<J2)
(MPa)
(strike)
(MPa)
(strike)

<J J
<J2

Average
Young's
modulus (E)
(GPa)

LoW""t

High E

High E
direction

NI2°W
N63°W
N3°E
N23°W
N8°W
N52°E
N60°E
NI2°E

0.46
2.33
5.38
0.81
2.41
5.49
7.85
0.53
4.42
6.76

5.883
5.36
12.02
2.86
5.15
1.02
7.65
1.36
I. II
5.86

NI4°E
N36°W
N35°E
N3°E
NI°W
NJ9°E
N28°E
N69°E
N45°E
N54°E

2.45
2.67
5.6 1
0.74
1.25
0.02
1.41
0.03
-0. 16
3.36

N76°W
N54°W
N55°W
N87°W
N89°E
N71°W
N62°W
N21 °W
N45°W
N36°W

2.40
2.0 1
2.14
3.86
4.12
3. 19
5.43
45.33
6.94
1.74

23.30
25.16
29.92
15.03
18.48
20.54
19.65
26.34
26.47
26.47

1. 13
1.19
I.I O
1.22
1.47
1.84
1.35
1.37

0.36
3.56
5.38
2.24
3.56
4.80
5.82
6.64
6.96
3.81
5.38
6.55
7.19
7.59
8.00
8.41
3.76
5.77
8.38
8.91

4.23
8.38
14.95
5.17
6.32
4.64
2.81
1.85
2.55
4.20
5.78
5.50
6.63
4.55
5.22
5.69
4.28
7.22
3.41
2.94

N77°W
N56°E
N79°W
NI4°E
N42°W
N10°E
N12°E
N22°E
Nl7°E
N62°W
N28°W
N36°E
N51°W
N41°E
N82°W
N57°W
N23°E
Nt6°W
N8°W
N6°W

0.60
2.46
4.74
3.87
4.25
1.94
0.88
-0.68
-0.26
1.48
2.23
3.14
2.97
3.8 1
3.70
3.22
2.01
4.74
2. 10
1.72

N l 3"E
N34°W
NI I0 E
N76°W
N48°E
N80°W
N78°W
N68°W
N73°W
N28°E
N62°E
N54°W
N39°E
N49°W
N8°E
N33°E
N67°W
N74°E
N82°E
N84°E

7.06
3.41
3.15
1.34
1.49
2.32
3.19
2.73
9.81
2.84
2.59
1.75
2.23
1.19
1.41
1.77
2.13
1.52
1.62
1.71

23.99
30. 13
33.64
24.27
25.99
25.65
25.37
24.82
23.51
22.54
27.16
30.68
27.99
26.96
28.96
29.85
26.61
26.27
25.99
26.96

1.22
1.15
1.26
1.20
1.34
1.41
1.25
1.18
1.37
1.23
1.32
1.3 1
1.32
1.35
1.29
1.5 1
1.29
1.28
1.47
1.58

LowE
Strike of
Strike of Strike of
direction topographic microclinc steeply
contours
C-axes
~ippinf
JOllltS
N63°E
N27°W
N87°W
N52°E
N82°E
N53°W
N26°W
N63°W

N-S

N-S
N-S

N40°E
N20°W

Nl8°E

N79°W
N45°W
NI5°W
N30°W
N7°W
N38°E
N8°E
N37°W
N22°W
N7°W
N8°W
N7°E
N7°E
N8°W
N8°W
N8°W
N23°W
N l2°W
N27°W
N3°E
N l8°E

N75°E
E-W
N45°E
N82°W
N67°W
N83°E
N83°E
N83°E
N83°E
N83°W
N83°W
N83°W
N67°E
N83°W
N67°E
N82°E
N78°E
N63°E
N78°E
N87°E

N30°E
N80°E

Nl5°E

N l 3°W

Strike of
steeply
dipping
microfrac.
N5°E
NI8°E
N20°E
N45°E
N85°E
N59°W

N50°E
N80°W
N60°W
N80°E
N70°E
N2°W
NI 3°E
N7°W
N7°W
N7°W
N t l0 W

N72°E
N40°E
N62°W
N-S
N84°E

Nl5°E
N80°W
N65°W
N82°W

N8°W
N I3°W
N2°E
N7°E

N5°E
N60°W

NI 0°E
N25°E
Nl8°W

N25°E

N-S
N55°W
N80°W
N 10°E

Field sites s hown on Figure 3.
The most prominent joints at each site are given first.
3
Compressive stress is positive.
2

flank of Mount Waldo trends north to northeast. The maximum
principal horizontal stresses are consistently northeast, which
suggests that a topographic effect may be present.
Stresses at several other sites appear to be influenced by
local topography, particularly in the northern part of the pluton
where there is steeper terrain. At sites 2, 5, and 7 the maximum
horizontal stress is typically within a few degrees of the strike of
local topography (Table I, Fig. 13). At depths well below the
water table where oil-storage caverns would be excavated, we
expect hori zontal stresses to be compressive and the maximum
compression to be oriented in an east-northeasterly to easterly
direction.
Rock Coupling. ln areas where the bedrock is fractured and
weathered, the rocks near the surface may be poorly coupled to
the deeper rock mass. Such a condition wou ld affect the magnitudes and possibly the directions of shallow horizontal stresses, and make unreliable their e xtrapolation to the de pths at which
an oil-storage facility would be located. These effects would be

minimal, howe ver, in the massive, unweathered rocks where our
stress measure ments were made. At most sites, joints are widely
spaced and closed. Sheeting fractures, which decrease with
depth, attain a spacing of more than I m below a depth of 3-4 m
and their effect on stress directions is minimal below these depths
(Table I).
Anisotropic Rock Properties. Rock-mass anisotropy that is
caused by fractures and mineral alig nment commonly produces
directional stiffness variations that may be sufficiently great to
affect stress determinations (Becker and Hooke r, 1967).
In order to convert the borehole di splacements that were
measured during the overcoring process to stresses, it is necessary to know the elastic properties of the rock. Tullis ( 1981) has
disc ussed the procedures involved and has presented the approximate solutions for stresses in anisotropic or nonelastic
rocks. ln general, the granite samples that we tested are approximately linearly elastic, but not isotropic. For example, the
Young 's moduli at each site are directionally dependent and
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Figure 13. Location map of sites of ove rcore stress measurements in the Mount Waldo granite and adjacent gneiss showing the
relation of s ites to topography. Base from I :62,500-scale, U. S. Geological Survey Bucksport 15-minute quadrangle map.
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Figure 14. Graph of measured variation of rock temperature with depth and time at site 5 (Fig. 13) showing attenuation in amplitude
of the annual surface-temperature cycle. Jn 1982-83 near-surface temperature extremes occurred in early January (L) and late June
(H). However, in other years lows occurred in January and February and highs occurred in July and August.

commonly vary by 20-70% in the horizontal plane (Table I). We
used the approximate anisotropic treatment of Tullis ( J 981 ),
which consists of modifying the observed expansion upon overcoring by a factor that accounts for the relative stiffness in each
direction as compared to the average. This modification increases those actual expansions measured in directions of large
modulus and decreases those actual expansions that were "too
large" because of a small modulus. The calculated stress directions are little changed by this operation (Tullis, 1981 ).
Rock Temperature. Several investigators have determined
that rock-temperature changes may significantly affect near-surface stresses. Hooker and Duvall (1971) made measurements to
depths of 5 and 25 feet in granite quarries near Mount Airy, North
Carolina, and Marble Falls, Texas, respectively. These researchers found that diurnal variations are significant to a depth
of J-2 ft (0.3-0.6 m) and annual temperature variations are
significant to a depth of at least 25 ft (7 .6 m). Hooker and Duvall
( 1971) measured heat flow in the Texas granite and found the
diffusivity constant to be 0.013 emfs. This agrees well with the
results of a study by Swolfs and Savage ( J984) who determined
a diffusivity constant of 0.012 cm/s for a volcanic cap rock. Both
of these investigations showed that observed temperature variations compared favorably with theoretical predictions. Hooker
and Duvall ( 197 J) found that the yearly temperature change at a

depth of I ft (0.3 m) is 47.2°F (8.4°C) which produces a stress
change of 1166 lbs/in 2 (8.04 MPa), and that at a depth of 25 ft
2
(7 .6 m) the annual stress change is less than 60 lbs/in (0.41
MPa).
The annual temperature cycle from the surface to a depth of
9.2 m was measured at sites 4 and 5 (Fig. 13). A typical plot of
rock temperature variation with depth and time at site 5 is shown
in Figure 14. Below a depth of 5.5 m, the annual temperature
variation is less than 3°C, which wou ld produce stress changes
of approximately 0.5 MPa using the stress/temperature relationship of Hooker and Duvall ( 197 1). Most of the stresses reported
here (Table I) were determined in July and August of 1978 and
1982, although the measurements at sites 6 and 7 were made in
October J982. At depths greater than about 6.5 m, the highest
temperatures a re in early winter and the lowest are in early
summer, so that there is minimal temperature-induced stress at
these levels. However, the magnitudes of horizontal stresses
measured at all sites in granite at approximate depths of 0.5-5 m
likely have a large component of temperature-induced stress, as
much as 3 MPa at I m. According to Hooker and Duvall ( 1971 ),
changes in rock temperature do not significantly affect stress
directions. The extreme fluctuations of diurnal and annual
temperature in the upper 0.3 m of the granite may account in part
for the spalls and pop-ups observed on large, exposed surfaces.
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ROCK-MASS PERMEABILITY
The ability of fluids to flow through the rock mass is of
obvious importance in its evaluation for oil-storage or watersupply use. Sheeting fracrures and primary cooling joints form
an intersecting network near the surface of the pluton that
enhances ground-water movement and permeability. However,
the decreased frequency of sheeting fractures with depth creates
a favorable situation for oil storage in underground chambers.
Constant-pressure injection tests were performed in order to
make a preliminary estimate of ground-water conductivity
within the granite. The testing was done at site 2 (Fig. 13) where
vertical jointing is probably representative of the granitic mass,
although sheeting fractures are more closely spaced at greater
depths than at other sites. Of special interest at this location is a
nearby perennial stream which may account for the alteration
found on joints and sheeting surfaces as well as on associated
microfractures at the 30 m depth mentioned previously. The
ground-water level was approximately 2 m below the surface at
the time of testing (mid-September). A series of 13 tests were
made at depths of24-27.3 min a 7.57 cm-diameter hole. Straddle packer pressure averaged 2. 76 MPa, and water pressure in
the 0.91-m test zone averaged I .52 MPa.
Hydraulic conductivity, K, in meters per second, was calculated according to the formula given by Zeigler (I 976):
K =Q/(27tL~Hw) ln(rclrw)
(I)
where Q =flow, in meters per second,
L = length of pressurized zone, in meters,
Hw = water head, in meters,
rw = radius of well bore, in meters, and
re = radius of influence, in meters.
For an average depth of 26.8 m and assuming a radius of
influence of I0 m (Zeigler, I 976), equation ( 1) yields a hydraulic
conductivity (K) of 4.71 x I 0-7 m/s, a moderately low value for
in-situ granite (Brace, I 980). Brace reported that in-situ permeability in several crystalline rocks varied widely, through 11
orders of magnitude. Four to six orders of magnitude variation
is typical at a particular site (Brace, 1980). This variability is
due largely to rock-mass discontinuities, particularly joints and
faults. These features are particularly significant in brittle, nonplastic rocks such as granite, which have a low rock-matrix
permeability. It is probable that the radius of influence decreases
with depth because steeply dipping primary joints maintain a
uniform spacing and sheeting fractures become less abundant
and discontinuous. The closure of horizontal fractures with load
(depth) was discussed previously.

ROCKBURSTS AND IN-SITU STRESSES
Knowledge of the magnitude and orientation of in-situ rock
stresses is required for optimal design and has a direct bearing
on the ease of excavation and the stability of an underground
excavation. Although highly deviatoric horizontal stresses can
be tolerated in an underground excavation, they need to be
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recognized in advance and allowed for in design. Otherwise,
unstable, hazardous conditions, including destructive rockbursts, may occur.

Rockburst Occurrences in Maine
Rockburst is the sudden failure of brittle, usually massive,
highly stressed rock and is accompanied by the very rapid release
of strain energy. Such violent rock breakage can occur in quarries or in deep mines, in both sedimentary and crystalline rocks,
and in glaciated and nonglaciated terranes.
More than 150 granite quarries have been operated at one
time or another during the past I00 years along the Maine coast
and on nearby islands (Rand, 1958). Although only a few of
these quarries are deeper than 30 m, numerous destructive rockbursts have been reported. On Vinalhaven Island, 56 km south
of Mount Waldo, Feld ( 1966, p. 139) described a granite quarry
in which solid sheets of granite at a depth of 45 m buckled
upwards. After bending l m, the rock "blew up" and was so
severely fractured that little usable stone could be recovered.
The work soon became too hazardous, and the excavation was
abandoned. Joints in this quarry are very tight. Although the
workings were mostly below sea level, the quarry remained dry
until it was filled (for safety reasons) by pumping. Such impermeability would be a desirable rockmass attribute for fluid
storage, of course.
Dale ( 1907) reported rockbursting in several quarries in
granitic rocks in Maine. One severe burst, which occurred in the
late J890's in the main quarry on the northeast spur of Mount
Waldo, produced north-northwest-trending fractures. This fracturing occurred in the summer when near surface thermal stresses were highest, and was accompanied by loud explosive noises.
In the upper part of the east wall of the quarry, part of this broken
zone is still visible as a vertical central zone of shearing and
crushing as much as 2 m wide, I 0 m long, and 3 m deep, that
strikes N28°W (Fig. 15). Vertical curvilinear fractures extend
approximately 20 m in toward the quarry from both ends of the
crushed zone. The intensely deformed zone terminates abruptly
downward at a sheet surface. The removal of a 3 m deep channel
at this location appears to have triggered the rockburst.
Lee et al. (1979) analyzed this burst and compared it with
the results of the laboratory rockburst experiments of
Holzhausen ( 1977). They found that channels cut normal to
vertical walls, which were parallel to the maximum horizontal
stress, caused failure by concentrating applied stresses at the tips
of small fractures (flaws). The fractures propagated unstably in
areas of maximum shear stress, roughly normal to the channels
and parallel to the maximum load. ln the laboratory model,
development of through-going fractures was preceded by localized crushing of the rock, which produced features similar to
those observed at the Mount Waldo quarry. Under these stress
conditions it is desirable to orient the Jong axis of an underground
excavation approximately parallel to the maximum horizontal
stress.

Properties of the Mount Waldo granite
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those fractures that may have been caused by erosional unloading) would not exist or would be closed at depth as was shown
by field and laboratory tests. Care must be used in extrapolating
mechanical and hydrologic properties whose variability is controlled mainly by open microfractures. Petrographic examination is necessary to establish the age relationships, condition, and
significance of microfractures.
Temperature-produced stresses in the rock may be significant to a depth of 6-7 m, and the large near-surface temperature changes may account in part for the numerous pop-ups and
spalls that are observed on large, exposed surfaces.
Stress directions in the upper, closely sheeted parts of the
granite, especially in valleys and ridges, are not aligned with the
regional east-west trends that have been identified in other
studies (Lee, 1985). Instead, shallow principal horizontal stresses in the northeastern part of the pluton, where relief is strong,
are approximately parallel to the northerly topographic trend .
Below valley level more uniform regional stress conditions are
expected.

·

Figure J5. Simplified plan view of old channel cut and old rockburst
features in Mount Waldo quarry. Formation of crushed zone was
followed by unstable propagation of steeply dipping curvilinear fractures. Vertical fractures not adjacent to crushed zone were formed in
response to excavation parallel to quarry wall.

DISCUSSION
The Mount Waldo granite, a generally massive rock, has
rock-fabric properties that could influence the efficiency and
cost of underground excavation. Exposures of the granite in
quarries show that the rift is horizontal, the grain is east-west and
vertical, and the hardway is north-south and vertical. These
characteristics have permitted the quarrying of very regular
blocks that are well-suited to the construction of buildings and
bridges. Wh e re the alignment of potassium-feldspar
phenocrysts can be clearly recognized, the direction of most
efficient underground excavation can be established, but if this
relation is disregarded (as was observed locally in one quarry),
difficult excavation and uneven breakage may result. Fabric and
stress relationships suggest that long axes of underground openings should be oriented east-west. Geometrically more uniform
openings ("rooms") should have walls oriented north-south and
east-west. Fluid migration in the Mount Waldo granite is slow,
as indicated by the injection tests and by perched water levels in
some mountainside quarries that were observed to lose little
water annually, other than through evaporation losses.
A vertical section of 325 m, which was exposed in the
pluton, was valuable for obtaining fabric information in a third
dimension. However, our samples were taken from depths of 28
m or less, and obviously, were under less load than the rock
would be at depths of possible underground storage sites. The
open microfractures that are present in our samples (particularly
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